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Completely transistorised channel, group 
and supergroup equipments are in full production at™ 
the Telephone Works of The General Electric Company Ltd. 


Orders have been received from the British 
Post Office for over 500 groups (6000 circuit ends) 
of channel equipment as well as a substantial 
quantity of group translating equipment. 
The first of these equipments is already in service. 
In addition equipments have also been 
ordered by several Overseas Administrations. 


The development of these new equipments is the result 
of six years experience in the design and operation 
of transistorised transmission equipments. 


Since the introduction of their transistorised voice frequency 
telegraph equipment in 1954, the G.E.C. has supplied high-grade 
transmission equipment incorporating more than 250,000 transistors. 


For further information on the 
transistorised channel and 
translating equipment please write 
for standard specification SPO 1371. 


Everything for Telecommunications 


THE GENERAL ELECTRIC COMPANY LIMITED OF ENGLAND 
TELEPHONE WORKS - COVENTRY - ENGLAND 


WORKS AT COVENTRY - LONDON - MIDDLESBROUGH - PORTSMOUTH cet 
Smee's 
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Group translating rack 
mounting 20-groups 
(less covers). 


Channel rack mounting 

6 groups without signalling 
or 4 groups with in-built 
out-of-band signalling. 


Transistorised Transmission Equipment 


includes 
Channel Equipment Rural Carrier Equipment 
Group Translating Voice Frequency Telegraph 
Equipment Equipment 
Super Group Translating 3-Circuit open wire line 


Equipment Equipment 
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A.T.E. ““Packaged” Radio Channelling 
in Fully-transistorised Basic Units 
for 3 to 300 Circuits | 


Economical, reliable, completely self-contained, these terminals are ideal for 
rapid installation at any microwave or VHF radio terminal. They 
meet relevant Services and C.C.I.T.T. requirements. 


All terminals include inbuilt, outband, signalling facilities suitable for dialling 
Simple ringdown relay sets can also be inbuilt when required. | 
Racksides may be mounted back to back or side by side. | 


AUTOMATIC TELEPHONE & ELECTRIC CO LTI 


STROWGER HOUSE - ARUNDEL STREET- LONDON. W.C.2 TEL. TEMPLE BAR 926 
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3A A transportable 3 
annel terminal designed 
field or Service use. 
rite for Bulletin 

EB. 3303 


124B a 12/24 channel 
rminal in the 6-108 Ke/s 
ectrum, complete on one 
ckside. Write for 

illetin TEB. 3301 


160B A 60 channel 
minal (12-252 or 

-300 Kc/s), complete 

| two racksides. 

rite for Bulletin 

EB. 3302 


PI 


120A A 120 channel 


rminal (12-552 Kc/s), 
mplete on four 
cksides. Write for 
iletin TEB. 3304 


300A A 300 channel 


minal (60-1300 Kc/s), 
mplete on eight 
cksides. Write for 
illetin TEB. 3305 


TRANSMISSION EQUIPMENT TYPE CM for line, cable and radio systems 


L.E.E. PROCEEDINGS, PART B—ADVERTISEMENTS (ad6 ) 


The excellent electrical properties, accuracy 

and good finish provided by Araldite epoxy 

casting resins are exemplified in this X-ray tube 

anode. The casting comprises an Araldite insu- 
lator and an Araldite support cast on a central 
copper tube. The complete unit is approximately 
2 ft. long and operates at 50 kV under a hard 

- vacuum. Araldite adheres strongly to materials 
used in electrical apparatus manufacture, and its 
negligible shrinkage on curing enables composite 
castings to be made accurately to within 0.2%. : 

Further particulars will be sent gladly on request. 


Proot Positive 


Araldite 


EPOXY RESINS _ 


Araldite is a registered trade name 


Oe : CIBA (A.R.L.) LIMITED 


= Duxford, Cambridge. Tel: Sawston 2121 
ay we welcome you to Stand No. 228 at the Radio and Electronic Components Exhibition, Olympia, London.” 
; . 


Casting by McKinlay Electrical Mfg. Co. Ltd. for Hilger & Watts Ltd. 
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EXPERIENCE 


The Post and Telegraph Authorities of more than 80 countries 


rely on Marconi telecommunications equipment 


SURVEYS «x Marconi’'s telecommunications’ 


survey teams are at work in many parts of the 
world. Marconi’s is the only company main- 
taining a permanent research group working 
entirely on wave propagation. 


INSTALLATION x Marconi’s _ installation 
teams undertake complete responsibility for 
system installation, including erection of build- 
ings and civil engineering works as well as the 
installation of the telecommunications equip- 
ment and auxiliary plant. 


PLANNING « Marconi’s vast experience is 
reflected in the quality of its system planning 
organisation which is constantly employed on 
planning major telecommunications systems 
for many parts of the world. 


MAINTENANCE x Marconi’s provide a com- 
plete system maintenance service and under- 
take the training of operating and maintenance 
staff, either locally or in England. Marconi’s 
will also establish and manage local training 
schools for Post and Telegraph Authorities. 


MARCONI 


COMPLETE COMMUNICATIONS SYSTEMS SURVEYED, PLANNED, INSTALLED, MAINTAINED 


COMMUNICATIONS DIVISION, MARCONIS WIRELESS TELEGRAPH COMPANY LIMITED, CHELMSFORD, ESSEX, ENGLAND, 


H2 
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Still more versatility for the WM16! Even before this, no other oscillo- 
scope in the same price range could equal its performance. Proved in) 
action for over a year in government establishments, universities and 
industrial laboratories, the WM16 has shown itself ideal for radar, tele-? 
vision, computers and millimicro-second oscillography, as well as for) 
general laboratory electronic work. 


Now the WM16 is given even greater versatility by the addition of 2 new 
plug-in units, which establish it even more firmly in a class of its own. 


2 NEW 
UNITS 


FOR THIS HIGH 
PERFORMANCE 


‘SCOPE 


‘HIGH GAIN AMPLIFIER TYPE WS 


High Gain Amplifier Type 7/5 cavove) é : AMPLIFI YI 


High Gain, 5mV/cm, 5c/s-25 Mc/s 
Normal Gain, 50 mV/cm, DC - 40 Mc/s 


Differential Amplifier Type 7/6 crignt) 


Two inputs can be displayed either 
separately or differentially. 
Bandwidth DC - 25 Mc/s 

Max. sensitivity 50 mV/cm 

Rejection ratio greater than 100 :1 


General features of the WM16 


Measurement accuracy 3% 


Ask now for technical information 
or a demonstration of the WM16 and 
its new plug-in units. 


Sweep delay 1 usec~ EMI ELECTRONICS LTD 
Normal Sweeprate 12°5mtUsec/cm- INSTRUMENT DIVISION, HAYES, MIDDX 
0°5 sec/cm } 


TELEPHONE: HAYES 3888 EXT. 2223 
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and this is the story behind it 


* Every day, at one or other of Marconi’s 
research establishments, new equipment is planned ; new tech- 
niques are developed; new materials and new circuits are 
tested, and new problems are solved. 

Every day, at one or other of Marconi’s precision engineering 
works, special components are designed and produced—either 
because no suitable component exists until Marconi’s make it, 
or because existing components cannot provide an acceptable 
standard of performance. 

The design and manufacture of these specialized components 
involves a vast amount of engineering effort, and is only 
undertaken when no suitable alternative is available. In almost 
every case, Marconi components are designed for higher 
performance and built to closer tolerances than any similar 
item. 

Now, for the first time, these high-grade specialized com- 
ponents are available to other users. A new group — the 
Specialized Components Group—has been formed within the 


‘Marconi organization, and a preliminary catalogue is avail- 


able listing more than thirty items which are available at short 
notice. 


Write for this new Marconi catalogue, and address your enquiries to: 


SPECIALIZED COMPONENTS GROUP 
MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED 
CHELMSFORD, ESSEX, ENGLAND 
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The preliminary list includes ferrite 
isolators and circulators, coaxial con- 
nectors, attenuators, terminations and 
switches ; waveguide filters, termina- 
tions, bends ; crystal filters and crystal 
ovens. Hundreds of other components 
are produced by Marconi’s for re- 
search, development and production 
equipment; and the Company will 
welcome enquiries from users for 
specialized components of any kind. 
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SILICONE 
ROUND-UP 


MS Silicones are everywhere in electronics. Their virtuosity is 
based on three outstanding characteristics : EXCELLENT DIELECTRIC 
PROPERTIES, HEAT RESISTANCE and WATER REPELLENCY. 


Silicone Glass Laminates . . . with high arc resistance and 
consistently low dielectric losses . . . Cold-Cure Silastomer .. . 
a liquid silicone rubber that sets at room temperature, encap- 
sulates, seals and fills voids, serviceable from —30°C to +250°C 
.. . Silicone Insulating Sleeving designed for continuous operation 
up to 180°C .. . Silicone Resins for resistor coatings that are hard, 
heat-resistant and water repellent . . . and there’s MS 4, a non- 
melting grease, excellent dielectric, highly water repellent, a 
preservative for rubber and plastics . . . ALL VERSATILE MS 
SILICONES for reliability and long operational life—in all types of 
electronic equipment. 


MS Technical Service Department exists to advise you on 
problems that silicones might help to solve. Consult our team of 
experts who have a real understanding of the application of 
silicones in industry based on ten years of experience. 


Write for detailed information on any one of the products 
mentioned here or for our new, illustrated booklet ‘‘Silicones in 
Electronics” (A 13). And don’t forget to visit our stand at the 
RECMEF exhibition—No. 459 in the gallery. 


| 
| 
| 


MS were first in the field of British silicones, and 
this experience is reflected in every MS product. 


QS) 


MIDLAND SILICONES LTD 


(Associated with Albright & Wilson Ltd and Dow Corning Corporat | 
first in British Silicones 


68 KNIGHTSBRIDGE - LONDON - SW1 
TELEPHONE: KNIGHTSBRIDGE 7801 


Area Sales Offices: Birmingham, Glasgow, Leeds, London, Manche: 
Agents in many countries. ‘ 


P asi 


Crystal Ovens 


STABLE TEMPERATURE ENSURING 
MAXIMUM FREQUENCY STABILITY 


Switching differential 0°0014°C. 
_No thermostat 
No thermometer switch 


Orthodox crystal ovens, using thermostats 
or thermometer switches, are available for 
applications where wider temperature varia- 
tions are acceptable. 


MARCONI 


SPECIALIZED RADIO COMPONENTS 


Write for details of crystal ovens and other specialized components 
in the Marconi range, and address your enquiries to: 


SPECIALIZED COMPONENTS GROUP 


MARCONI’S WIRELESS TELEGRAPH COMPANY LTD., 
CHELMSFORD, ESSEX, ENGLAND 
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Capacitorability 
=e 


In the design and production of thoroughly reliable 
electrolytic capacitors, Plessey have for years held 
a commanding lead. To every new demand made 
by rapid developments in radio, television and 
electronic equipment Plessey can respond by 
bringing to bear unrivalled experience, tremendous 
resources and highly skilled staff. Such is the 
care taken to obtain impeccable standards of quality 
and performance, that virtually clinical conditions 
of manufacture are maintained in the superbly 
equipped laboratories and workshops. These 
same exacting standards are imposed throughout : | 
the comprehensive range of capacitors produced 
by Plessey. 


Whatever the requirement provides the finest component 


THE PLESSEY COMPANY LIMITED | 
Capacitors & Resistors Division : Kembrey Street - Swindon - Wilts - Tel: Swindon 6211 . 
Overseas Sales Organisation : 

PLESSEY INTERNATIONAL LIMITED ° ILFORD * ESSEX ° ENGLAND | 
Telephone: Ilford 3040 : Overseas Telegrams: Plessinter Telex Ilford 


ia 


MARCONI 


ERE 


'S WIRELESS, TELEGRAPH 


<C 


( ad 13 ) LE.E. PROCEEDINGS, PART B—ADVERTISEMENTS 


eR IRENS 2 


OMPANY LIMITED - CHELMSFORD -: ESSEX : ENGLAND 


Be 
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PLANNETTE COMP ACT 
ingenious construction makes for a really 


In a tight corner ? Too much heat ? Not enough room for a blower ? B [ () W ° R 
You need Plannette, the revolutionary new axial flow blower that is | 
only 2” wide. Its simple construction makes it robust and quiet; it | 
is lubricated for life and tropicalised. 

Easily fitted to the outside, inside or top of a cabinet, the Plannette 
reduces the air temperature in confined spaces, such as electronic 
cabinets, computers, power and industrial control equipment. Made 


by Plannair, the air movement specialists, as an aid to today’s 
demand for compactness. Write today for full 


technical information 


The Plannette is available in two sizes at alternative speeds: 


2,700 r.p.m.: 1,400 r.p.m.: 
44” delivers 80 c.f.m. at .15 s.w.g. _ 44” delivers 40 c.f.m. at .04 s.w.g. 
6” delivers 150 c.f.m. at .25 s.w.g. 6” delivers 75 c.f.m. at .06 s.w.g. 


The motors are a.c. and may be arranged either for 230Y 1-ph 50/60 cycles or 
110V 1-ph 50/60 cycles, 


Specialists in air movement 


- Spee Ege ORs egal 
PLANNAIR 


SEE US AT THE 
R.E.C.M.F. EXHIBITION, 
STAND 5353, 

GROUND FLOOR 


PLANNAIR LIMITED + Windfield House - Epsom Road « Leatherhead - Surrey + Telephone: Leatherhead 4091/3, 2231 
@)PLAS9 
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\GNETRONS + HYDROGEN THYRATRONS - KLYSTRONS + MERCURY RECTIFIERS * XENON FILLED RECTIFIERS * TR CELLS 
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DY . H’, 
telegraph 


equipment 


TMC transistorized frequency modulated V.F. 
Telegraph Equipment is an acknowledged 
contribution to the recent advances made by 
the electronics industry in the field of 
telecommunications. In comparison with 
earlier designs, it effects considerable economies 
by using less space, reducing the power 
consumed and being simple to install as well as 
easy to maintain. 

In Canada, and elsewhere, TMC V.F. Telegraph 
Equipment is widely used. You’ll find its general 
and technical features worthy of your attention. 


Further information from: 
Telephone Manufacturing Company Limited 


Transmission Division: 
Cray Works, Sevenoaks Way, Orpington, Kent 
Telephone: Orpington 26611 


SELLING AGENTS Australia and New Zealand: 
Telephone Manufacturing Co. (A’sia) Pty. Ltd., Sydney, New South Wales 
Canada and U.S.A.: 
Telephone Manufacturing Co. Ltd., Toronto, Ontario 
All other countries (for transmission equipment only) 
Automatic Telephone and Electric Co, Ltd., London 


tt aa, 
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Printed 
Circuit 
Counter 
Panels 


50kc/s Scaler 


; . 1Mc/s Scaler 
A complete range of transistorized counter 


; ‘ Input Amplifier 
panels of common size, fixing method 


: : : ; Gate Unit 
and electrical connexion, designed to provide 


- : 10kc/s Oscillator 
a flexible unit system / 


: : 1Mc/s Oscillator 
whereby any special requirements 


in the counting or data processing fields Power Unit 


can be quickly built up. 50kc/s Read-out Scaler 


1Mc/s Read-out Scaler 
A fully illustrated brochure giving 4 Channel Outbet Unt 
complete performance and 

a F Read-out Unit 

specification figures for ; 

Meter Display Unit 
every panel in the range is 

Lamp Display Unit 


available on request. 


Numerical Indicator Tube 
Shift Register Stage 


Shift Register Driver 


RANK CINTEL LIMITED 
Worsley Bridge Road * London: SE 26 
HiTher Green 4600 


instruments 
ivision 


Sales and Servicing Agents: Atkins, Robertson & Whiteford Ltd. Industrial Estate, Thornliebank, Glasgow; 


McKellen Automation Ltd., 122 Seymour Grove, Old Trafford, Manchester, 16; 
Hawnt & Co. Ltd., 112/114 Pritchett St. Birmingham 6. 


Ihe 
| 
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C’ and ‘E’ cores 
ior smaller... lighter... 
nore efficient transformers 


ors Er sf 
3 \ \ \ \ | Lof If 


Vans “1 \ \A> \ 
fo ll electro 
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~HERMETICALLY SEALED, ‘ENGLISH ELECTRIC’ specialise in “C’ and ‘E’ cores for 
g RESIN CAST. OPEN and transformers for industrial, aircraft, commercial 
COMMERCIAL TYPES 


and inter-service applications where the need is for 
increased efficiency in less space and with less weight. 
Send enquiries or for Publication TF/239 to: 


The ENGLISH ELECTRIC Co., Ltd., Transformer Sales and Contracts Section, 
East Lancashire Road, Liverpool, 10. Telephone: Aintree 3641 


‘Cc’ and ‘E’ cores 
. _ 
|0YS—COUO.,N©™$@M/™mOmONnmN"W”PrhDEDO’—CGwCCPCP="E 


J ENGLISH ELECTRIC ComPaANy LIMITED, ENGLISH ELECTRIC HOUSE, STRAND, LONDON, W.C.2 
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Range of centre frequencies 


Bandwidth about the centre frequency 


Peak Power 


Isolation at centre frequency 


Isolation over the band 
Weight 


24 MW S-BAND 


FERRITE ISOLATORS SERIES 2C 


Range of centre frequencies 


Bandwidth about the centre frequency 


Peak Power 
Mean Power 
Isolation at centre frequency 


Isolation over the band 
Weight 


MEDIUM POWER FERRITE ISOLATORS SERIES 2M | 


8500-10, 500 Mc/s 
+5%, 

50 KW | 
35db | 
>15db 


4lb approx 


2800-4000 Mc/s 
410% 

2-5 MW 

3-5 KW | 
Not less than 122 
Not less than 9d: 
30Ib 


erranti 


Write for further details to:- 


Range of centre frequencies 


Isolation at centre frequency 


Isolation over the band 


HIGH POWER FERRITE ISOLATORS SERIES 2H 
8500-10,500 Mc/s 

Bandwidth +5% about centre frequena 
Peak Power 200 KW (pressurised) 
Mean Power 250 W (pressurised) 
>40db 
>20db 
Weight 5Ib approx 


COAXIAL FERRITE ISOLATORS ! 


SERIES 12M 


Range of centre frequencies 
Bandwidth 

Power up to 

Isolation at centre frequency 
Isolation over the band 
Weight 


FERRANTI LTD - KINGS CROSS ROAD - DUNDEE 7e/: DUNDEE 87141 


2500-4500 Mc/s | 
+500 Me/s \ 
50 Watts C.W. | 
40db | 
>15db | 
IZlb approx. 
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A wide range of high quality power transistors, 

. voltage regulators and rectifiers for such 
diverse applications as guided weapons, 
military and civil aircraft, computers, railway 
modernisation equipment, automobiles, radio 

| | iF world of and television. Continuous research, 

extensive development, and controlled 
mass-production techniques ensure an ever- ° 


SEM -GONDUCTORS increasing flow of devices offering maximum 
reliability at minimum cost. 


ome 
a 


Research Development and Manufacture Sales and Technical Applications 


Joseph LucasLtd G&EBradleyLimited 


9 ELECTRAL HOUSE - NEASDEN LANE - LONDON -: N.W.10. 
- et N Tae ae A Subsidiary Company of Joseph Lucas (Industries) Ltd. 
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TN CLASH ELECTRIC announce the tirst 


HIGH VACUUM 


VARIABLE 


CAPACITORS 


developed and 
manufactured in Britain 


The range comprises five types for operation in high voltage r.f. 


circuits. All are tunable over an approximately linear capaci- 


tance range. High vacuum variable capacitors offer outstanding 


advantages over conventional air dielectric counterparts :— 


* Compactness relative to high 


capacitance and operating b v 

role ENGLISH ELECTRIC 
* Low self inductance and stray 

capacitance. Shaft turns Max r.f. 


Approx linear 
capacitance 
range (pF) 


Max peak 
r.f. voltage 


E.E.V. in linear 


* No electrostatic dust precipi- cpacine 


tation on plates. 
* Easily demountable. 


current 
(r.m.s.) 
(A) 


Full information on the present 
range is available from the 
address below: 


Further types will be added to 
meet future requirements. * Up to 30 Mc/s + Up to 20 Mc/s 


ENGLISH EUECT RIC VV Ayre Op ernae 


Chelmsford, England Telephone: Chelmsford 3491 | AGENTS THROUGHOUT THE WORLD 
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HIGH TEMPERATURE 
FOIL TYPE 


(POLAR AND NON-POLAR) 


Designed to withstand conditions of 
high temperatureand highvibration. 
Temperature Range: -40 to+125°C. 
Voltage Range: 6 to 100V. d.c. 
Capacitance Range: 0.2 to 200uF. 


STANDARD 
ROLESRY.PS 


CPOLAR AND NON-POLAR) 


STANTELUM 


TANTALUM 


ELECTROLYTIC 
CAPACITORS 


Type approved to R.C.S.134B 


Temperature Range: 
-40 to+85°C. 


Voltage Range: 
6 to 150V. d.c. 


Capacitance Range: 
0.15 to 200 pF. 


SOLID TYPE 


(POLAR) 


Sintered Slug and solid elec- 
trolyte construction. 


Temperature Range: 
-55 to+85°C. 


Voltage Range: 
6 to 35V. d.c. 


Capacitance Range: 
1 to 220 uF. 


MINIATURE 
FOIL TYPE 


(POLAR) 


A foil type tantalum capacitor 
in its most economical form. 


Temperature Range: 

-25 to+70°C. 
Voltage Range: 3 to 25V. d.c. 
Capacitance Range: 
1.5 to 16 uF. 
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STC manufacture a full range of 


tantalum electrolytic capacitors. 


Write for Data Sheets to: 


Standard Telephones and Cables Limited 


Registered Office: Connaught House, Aldwych, London W.C.2 
CAPACITOR DIVISION: BRIXHAM ROAD: PAIGNTON: DEVON 


COMPONENTS 
GROUP 


61/5MC 
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INTERLOCKED METALCLAD SWITCH SOCKETS & 


30 to 100 amp. 500 volt A.C. or 15 amp. 500 volt A.C. or D.C., two or 
D.C., two or three-pole splash- three-pole standard industrial pattern 
proof switch interlocked with with dustproof cap. Switch at back 
lid. (Form B). interlocked with plug. (Form C). 


@ Safe to use because of the complete interlocking. 
\ © Plug cannot be withdrawn unless switch is off. 
| ® Circuit always made by the switch—not by the py 
a pins and socket tubes. 

LONDON DEPOT: 149-151 York Way, N.7. 7 @ Made in two styles: 15 amp. (Form C), 30 to 100 az 
GLASGOW DEPOT: 22 Pitt Street, C.2. oh (Form B). | 
Sales Engineers available in— ao 
LONDON, BIRMINGHAM, BELFAST, | | THE DONOVAN ELECTRICAL CO. LT/ 
MANCHESTER, GLASGOW, BOURNEMOUTH. 


70-81 GRANVILLE STREET - BIRMINGHAM] 
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Lewcos insulated 
resistance wires ‘ 
have been used : 
for many years :| 

for winding A | 

e 


resistances for 
instruments, 
radio, 
control 
apparatus, 
etc. These i 

fine and “ 

superfine : 

wires meet the ‘ 

. — ee demands of the ; 


ay : creat aial era dierets s sO Electrical Industry for 
high precision and- 
exceptional properties. 


Supplied with standard coverings of 
cotton, silk, rayon, enamel and glass. 


THE LONDON ELECTRIC WIRE CO. & SMITHS LIMITED LEYTON LONDON -: E.10 
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DISCRIMINATION 
IN 1 CUBIC INCH 


So 


HIGH FREQUENCY 
CRYSTAL FILTERS 


For 50 k/cs, 25 k/cs, 12°5 k/cs 
Channel Spacing in VHF Equipments 


Standard Telephones and Cables Limited 


Registered Office: Connaught House, Aldwych, London W.C.2 
HARLOW : EVSiSiEeX 


Write for Data Sheets to: 


Ce COMPONENTS 


GROUP 


QUARTZ CRYSTAL DIVISION 


61/2MQ 
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WHITELEY ELECTRICAL RADIO CO. LTD: MANSFIELD: NOTTS 
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ELECTRONIC EQUIPMENT 
& ENCAPSULATED COMPONENTS 


RECTIFIER 
UNIT 


Illustrating the potting of 
silicon junction diodes, the 
diodes being assembled on to 
a standard international octal 
valve base thus providing a 
plug-in rectifier capable of 
.25 A.D.C. current with 

a P.I.V 800-800. 


P.O. TRANSISTOR 
AMPLIFIER 


An example of the design 
and manufacture of an 
encapsulated transistor 
amplifier in epoxy resins. 


AIDCOLB Soldering 
(Regd. Trade Mark) Instruments 
ILLUSTRATED ! 


*/4, DETACHABLE 
MODEL, List 64 


IN PROTECTIVE SHIELD 


List 700 


WIPING PAD. REDUCES 


THE DESTRUCTIVE PRACTICE 


OF BIT FILING 


British and Foreign Pats. 


Reg. design, etc. 


For further information apply Head Office: 
ADCOLA PRODUCTS LTD. 


GAUDEN ROAD 


CLAPHAM HIGH STREET 


LONDON S.W.4 
Tel: MAC 4272 & 3101 


BIT 


Telegrams: SOLJOINT 


_of the conductor and earth; the 


FIELD CABLE 
TEST SET 


The Tester locates the position 
of breaks or short-circuits in 
sheathed multiple conductor 
cables to within a fraction of 
an inch. Repairs can be carried 
out with a minimum of dis- 
turbance to the cable sheath. 
The principle of operation is 
as follows:—In the case of a 
broken conductor an A.F. vol- 
tage is applied between one end 


electrostatic field between the 
live section of the conductor and 
earth can then be detected by running 
a capacitive probe along the cable. The 
probe is connected to the input of a portable 
transistor amplifier, which feeds a headset thus fi 
giving an audible indication of the break position. All other conducn 
in the cable should be earthed, other than the one being tested. 

An inductive probe is used in place of the capacitive probe | 
locating shorts between conductors. The oscillator will feed a signa 
the conductor only up to the point where the short occurs ane | 
probe will detect the electromagnetic field up to this point. 

The test panel is provided with rotary switches to select indiv-c( 
conductors in the cable. Conductors other than the one selected | 
earthed. Sockets are fitted to accommodate the cable plugs. | 
initial determination of a faulty conductor a lamp type contim? 
tester is provided. 


ZENITH 


(REGD. TRADE-MARK) 


TUBULAR SLIDIN 
RESISTANCES | 


Wound on vitreous 


enamelled steel tubes 
with ‘oxidised wire 
having a_ negligible 
temperature co-effi- | 
cient. Non-inductive 
windings on refrac- 
tory formers are also 
available in many 
sizes. 


Illustrated catalogue of all 
types free on request 


The ZENITH ELECTRIC CO. L) 
ZENITH WORKS, VILLIERS ROAD, WILLESDEN G3 
LONDON, N.W.2 
Telephone: WiLlesden 6581-5 Telegrams: Voltaohm, Norphone, Lk 


MANUFACTURERS OF ELECTRICAL EQUIPMENT 
INCLUDING RADIO AND TELEVISION COMPONENTS } 


j 
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WORLD-WIDE 
EXPERIENCE 


SECOND MAIN LINE MICROWAVE SYSTEM 
FOR AUSTRALIA 


The STC 4000 Mc/s 600-circuit microwave 
telephone link recently installed between 
Sydney and Maitland is to be extended by a 
340 mile STC Type RL4E 4000 Mc/s 960-circuit 
microwave system to Lismore. This network 
will provide circuits to meet the demands of 
increasing telephone traffic between import- 
ant centres along the coastal strip of New 
South Wales. 


PORT MACQUARIE 


Fully duplicated radio channels will be equip- 
ped with automatic baseband switching at the 
terminals. The Heaton and Lismore system 
will employ periodic magnet travelling wave 
amplifiers, and will also include the new STC 
Type RA4 auxiliary link providing remote 
indication and control circuits overa separate 
microwave channel. 


STC are supplying main line microwave telephone systems to 18 countries and 
have already supplied systems with a capacity of nearly 5% million telephone 
circuit miles and nearly 6 000 television channel miles. 


COMMUNICATIONS 
GROUP 


Srondard Telephones and Cables Limited 


Registered Office: Connaught House, Aldwych, London W.C.2 
61/4C TRANSMISSION SYSTEMS DIVISION: NORTH WOOLWICH »= LONDON ~ E.16 
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(SALES) LIMITED, WILDEN, STOURPORT-ON-SEVERN, WORCS. 


Enquiries for laminations to be forwarded to RICHARD THOMAS & BALDWINS 


LIMITED, COOKLEY WORKS, BRIERLEY HILL, STAFFS. 


from 
TRAWLER 
to 
TANKER 


The new trawler STATHAM will use electronics to locate its 
catch. For this task, and for modern navigation and communica- 
tion, constant voltages are essential. Our voltage regulators 
provide efficient and reliable control on the STATHAM and on 
many other vessels, ranging from trawler to tanker. 


NEWTON BROTHERS (DERBY) LTD 


ALFRETON ROAD - DERBY 
PHONE: DERBY 47676 (4 LINES) 
GRAMS: DYNAMO, DERBY 


London Office: 
IMPERIAL BUILDINGS, 56 KINGSWAY, W.C.2 


RICHARD THOMAS & BALDWINS LTD. 


Enquiries for sheet and strip to be addressed to RICHARD THOMAS & BALDWINS 


| 


LAMINATIONS | 


of all types, in all sizes and in all 
grades of material. 


FERROSIL 


hot-rolled and cold-reduced elect 
sheet and strip, and hot-rolled 
transformer sheet. 


ALPHASIL | 


| 
cold-reduced oriented transforme 
sheet and strip. 
One of many three-phase, 50 cycle, 120,000 kVA, 275/i! 


Auto-transformers supplied by the BTH Company for ¢ 
British Super Grid. 


THE INSTITUTION OF ELECTRICAL ENGINEE 


presents 


THE 
INQUIRING MIN 


} 


a film outlining the opportunities for a care 


in the field of electrical engineering 


Producer: Oswald Skilbeck Director: Seafield |\ 


Commentator: Edward Chapman | 


| 


Copies of the film may be obtained on loan by sed 
and other organisations for showing to audienci 
boys and girls or others interested in a profess} 
career in electrical engineering. The film is availall 


either 35mm or 16mm sound, and the running til 
30 min. 


| 


Application should be made to 


‘ 
THE SECRETARY | 
THE INSTITUTION OF ELECTRICAL ENGINEERS | 
| 


SAVOY PLACE, LONDON, W.C.2 
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‘Q’ TYPE 
Water cooled 


MMMM 


MMI), 


a TYPE 
n Boiler 
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WCW 


VALVES 
- SPECIALLY DESIGNED 
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FOR R.F. HEATING 
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Thick wall anodes 


output of valve range — 


WE WM Wil 
Srandard Telephones and Cables Limited 


Registered Office: Connaught House, Aldwych, London W.C.2 
VALVES DIVISION: FOOTSCRAY - SIDCUP - KENT 


61/12MS 
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For “that little bit extra” 


Falerranti 


choose 


THE FERRANTI 
LABORATORIES, EDINBURGH 


Standard|Signal Generator TF 867 (at 
right) being used in conjunction with 
the F.M./A.M. Signal Generator TF 
995A/5, and two Marconi voltmeters, 
With a reputation to live up to, it pays to invest in the to assess the performance of a C.W. 
best. “There’s safety in certainty” say Ferranti Ltd., Amplifier in the presence of an F.M. 
and a look round their laboratories shows how much signal. 
they rely on Marconi instruments. Very much in the 
picture is the Standard Signal Generator TF 867, a 
precision laboratory instrument covering the frequency 
range I5 kc/s to 30 Mc/s. Features include a high quality 


r.f. output, a built-in crystal calibrator, automatic level 
control, and sinewave a.m. monitored and variable to 
100%. An alternative version, the TF 867/2, has special 


features of particular value when testing narrow-band 


netrumens write forledie js, SCURMNNSTRUMENTS 


THE INTERNATIONAL CHOICE FOR ELECTRONIC MEASUREMENT 


AM & FM SIGNAL GENERATORS - AUDIO & VIDEO OSCILLATORS - FREQUENCY METERS - VOLTMETERS - POWER METERS - DISTORTION METERS 
TRANSMISSION MONITORS - DEVIATION METERS - OSCILLOSCOPES, SPECTRUM & RESPONSE ANALYSERS - Q METERS & BRIDGES 


London and the South: Midlands: North: 
English Electric House, Strand, W.C.2 Marconi House, 24 The Parade, Leamington Spa 23/25 Station Square, Harrogate. 
Telephone : COVent Garden 1234 Telephone : 1408 Telephone : 67455 


Export Department: Marconi Instruments Ltd., St. Albans, Herts, England. Telephone: St. Albans 59292 


REPRESENTATION IN 68 COUNTRIES 
TE &83 


es 
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READY JUNE 1961... . 
AUTOMATIC AND REMOTE CONTROL 
Proceedings of the First International Congress of the International Federation of Automatic 


Control (IFAC)—MOSCOW 1960 
Co-editors: J. R. RAGAZZINI and A. A he FULLER 


Volumes 1 and 2—Theory and Special Problems. 
Volume 3—Components. Volume 4—Industrial Applications. 
Approximately 1,000 pages per volume. Approximate price: £10 per volume. 

These volumes which are expected to be published in June 1961 contain the papers read at the First 
International IFAC Conference (Moscow 1960) together with the ensuing discussions. The Russian 
papers have been translated into English and are published in full. The papers reflect the most 
recent work in many countries and are divided into three principal sections. 1—Theory. 2—Compo- 
nents. 3—Applications. The first section contains papers dealing with the present state of the theory 
of continuous and discrete systems, the theory of structures, stochastic and special mathematical 
problems of automatic control. In the second section the papers are devoted to the theory and prac- 
tical work of designing electric, magnetic and pneumatic elements of control systems, programming 
and computing devices, controlling computers and systems of automatic control. The final section deals 
with design principles and the practical industrial application of automization in machine-building, 
metallurgical and chemical industries amongst others. 


Full details available from: 


BUTTERWORTHS 


4-5 BELL YARD, LONDON, W.C.2 
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Silicon Junction Rectifier i 


Now with these new 
Improved design features 


Special protective, non-conductive silicone-enamelled finish over 
silver plating. Minimizes the possibility of flash-over in dirty 
environments. (Cooling fin efficiency is unaffected.) 

Reduced flange diameter. Wire-ended Form ‘F’ units 0.4 in. max. 
Saves space in electronic equipment. 


Type SJ Rectifiers are: 


RESISTANT TO SHOCK AND VIBRATION 
COMPLETELY RELIABLE FULLY “TROPICALISED: 


MAXIMUM CURRENT AT 25°C 


1.5 amp.* 


$J051F SJ052F SJ051A SJ052A 

SJ101F 100 SJ102F 100 SJ101A 100 SJ102A 100 
S$J201F 200 SJ202F 200 SJ201A 200 SJ202A 200 
SJ301F 300 SJ302F 300 SJ301A 300 SJ302A 300 
SJ401F 400 SJ402F 400 SJ401A SJ402A 

$J501F 500 SJ501A 


$J601F 600 SJ601A 
MAXIMUM JUNCTION TEMPERATURE 
120°C | 200°C 120°C 200°C 


* When mounted on suitable cooling fin 


Bei eatall <coi 


f @ Magnetic amplifiers 
© Brushless alternators 


© Power packs @ Blocking duties 
Please write for full details to your i ie 
nearest AEI District Office, or to ie 


AETI Associated Electrical Industries Limitec 
q 


Electronic Apparatus Division 


VALVE AND SEMICONDUCTOR SALES 
LINCOLN, ENGLAND 
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STUDIES OF IONOSPHERIC FORWARD SCATTERING USING MEASUREMENTS 


OF ENERGY DISTRIBUTION IN AZIMUTH 


By W. C. BAIN, M.A., B.Sc., Ph.D., Associate Member. 
(The paper was first received 7th January, in revised form 20th July, and in final form 28th November, 1960.) 


SUMMARY 


Measurements of phase and amplitude have been carried out on 
vais on 37 Mc/s received from a transmitter at Gibraltar. The 
siving sites were at Slough and Castlemartin, which are each about 
{0km from Gibraltar, and were equipped with pairs of aerials 
ose spacing could be varied from A to 10A. The results were not 
sistent with the idea that the forward-scattered signal was due to 
combination of many randomly-phased radio waves. Frequently 
signal appeared to be dominant, as might be expected if reflections 
m meteor trails formed an important part of the resultant signal. 
> calculation of an azimuth power distribution on the basis of phase 
asurements with different aerial spacings then becomes of uncertain 
idity. Some results obtained in this way are presented, but reliance 
laced mainly on work with a small, fixed aerial spacing. This 
ws a marked diurnal variation of mean bearing; at Slough for 
st of the year it is on average 7°W of the Gibraltar yoearing by night 
0°W by day. A comparison with observations at Castlemartin in 
les suggests that the scattering process is due pinost entirely to 
or reflections by night but that during the day there is also present 
mmponent due to turbulent scattering which contributes rather more 
n half the total energy. 


LIST OF PRINCIPAL SYMBOLS 
y= Aerial spacing in wavelengths. 
e= Bearing relative to great-circle direction of Gibraltar. 
is ‘sin «. 
hy = = The kth measured phase difference. 
9; = The kth phase difference (from a sample with zero 
mean). 
\ea Theoretical distribution of phase differences ¢. 
v= A mean value of phase differences 7; [see eqn. (1)]. 
R= A measure of the spread of phase differences %;, [see 
eqn. (2)]. 
ig = Amplitude correlation coefficient between signals at the 
two aerials. 
@=Standard deviation of a Gaussian angular power 
spectrum. 


‘itten contributions on papers published without being read at meetings are 
a for consideration with a view to publication. 

iper is an official communication from the Radio Research Station, Depart- 
é Scientific and Industrial Research. 


. 108, Part B, No. 39 
961: The Institution of Electrical Engineers. 


Pk I = Lengths of major and minor axes of the kth ellipse on 
the phase display. 
6 ==,00s 52 aK. 
X = Scattering angle. 


(1) INTRODUCTION 


In a previous paper! some preliminary results were given 
concerning the distribution of energy in azimuth which is 
created by the ionospheric scattering process at very high fre- 
quencies. This paper contains a description of the whole of 
the work carried out on this project, and of the results obtained 
from it; some of the details given in the earlier paper will be 
repeated here for convenience. 

The object of the experiments was to measure at various times 
of day and of the year the angular power spectrum of the incident 
radiation, as the distribution of energy in azimuth is often called. 
This should enable one to calculate the likely performance of 
aerials to be used on ionospheric forward-scatter circuits. It was 
also hoped that the azimuth distributions obtained would throw 
some light on the nature of the scattering regions, for there has 
been some doubt in the past about the extent to which these are 
due to meteors or to turbulence in the ionosphere. 

The term ‘forward-scatter’ in this paper will be used to 
describe the signal which is usually received at distances of 
1000-2000km from a v.h.f. transmitter, excluding only those 
times when a single large meteor signal is present or when 
propagation is by way of the normal ionospheric layers or the 
sporadic-E layer. It is not intended to imply by the use of this 
term that turbulent scattering is necessarily the operative process. 

Bearings in the following Sections will be quoted relative to 
the great-circle direction of Gibraltar, except where otherwise 
stated. All times are Universal Time (U.T.). 


(2) THEORY OF THE METHOD 


The received signals were picked up on a pair of aerials 
situated in a line normal to the great-circle path from the 
transmitter and measurements were made in rapid succession of 
the phase difference between the signal outputs from the two 
aerials. If the incident radiation contains waves arriving simul- 
taneously from many directions in space and randomly related 
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in phase, the desired angular power spectrum can be calculated 
from these measurements by an extension of some results 
obtained by Bramley.2 The method requires a knowledge of 
the distributions of phase differences which would be obtained 
for all aerial spacings from zero to infinity; of course, in practice, 
a finite number of spacings has to be used. Each of these 
distributions is theoretically of a particular mathematical form, 
as in eqn. (8), and is specified completely by the parameters v 
and R which are defined below. They have to be determined 
at each aerial spacing from the observations. As shown in 
Section 11.1, the angular power spectrum can then be calculated 
from the values of v and R at the aerial spacings used. 

Suppose that m measurements of phase difference, bk, are 


made at a particular aerial spacing of y wavelengths. v and R 
are defined as 
n 
P= are (> exp jin) gre eee ble = (Gl) 
c=1 
1 n 
R= cos (= > IY — » + 2m) Sad hema noel 9) 
k=1 


where m = 1, 0, —1 as required to make |, — v + 2mm| < 7. 
v can be considered to be a kind of mean value for the phase 
differences, whereas R is a measure of their spread. R is unity 
where the spread of the phase differences is negligibly small, and 
is zero when the spread is uniform over 27r radians. 

A number of different aerial spacings are used, so that v and 
R are functions of y. If s = sina, where « is the azimuth 
measured from the direction of the transmitter, the angular 
power spectrum Q(s) as a function of sin & is given by 


co 
OG “| (Reset Cone Pin Dra 
0 


If Q(s) is symmetrical about a particular value, so, then as is 
shown in Section 11.2, v is related to sg by 


Vi TTY SOs ee ee eee () 


Also, if no energy is arriving from angles more than 30° off 
the great-circle path, then, to within 1°, the mean bearing of the 
incident radiation is given by 


Si — SN oo eee SS) 

The theory is given in more detail in Section 11.1. 

Now suppose that v is obtained on a particular occasion with 
a small aerial spacing. For any angular power spectrum, Q(s), 
a value of sp can be obtained by using eqn. (4) and this can be 
taken to be a mean value for s (= sin ~)—not, in general, the 
true arithmetic mean unless Q(s) is symmetrical, but one which 
approaches it as the aerial spacing is reduced. As s is very 
nearly equal to « for all bearings from which energy is coming, 
the value of « given by eqn. (5) can be considered to give a mean 
bearing and will frequently be employed in this sense in the 
following Sections, generally when an aerial spacing of A has 
been used. 

Certain other results given by Bramley? will be required here. 
The amplitude correlation coefficient p4, which is that between 
the envelopes of the voltages at the two aerials, is related to the 
function R by the formula 


R+4 
pa O91 Pe ot Were) 
The distribution of phase differences is also useful. If 


by = be —v (7) 
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then the distribution of ¢, from which each ¢, may bi 
sidered to be drawn, is given by | 


Roos ¢ 
(1 — R? cos? ¢)3/? 


B + sin~! (R cos | 


1 R2 1 
oe 20 t — R* cos? 


(3) EQUIPMENT 


The transmitter used in this work was situated at Gili 
(36° 8’ N, 5° 9’ W); it operated on a frequency of 37-3 Mey 
a power of 40kW. Two alternative horizontally-polarized) 
mitting aerials were provided, one being a A/2 dipole " 
other an array having a plane-wave gain of 15dB; bot 
210m above sea level. The polar diagram of the array | 
horizontal plane has been measured by Crow et al.?; the din 
of the middle of the beam is taken on the basis of this w) 
be 6° E of N, its width being about 25° between 3dB } 
During periods when ionospheric back-scatter? was liketyy 
received, pulses of length 10-20ms were transmitted 
frequency-shift keying; at other times when our obsery 
were carried out the carrier was not modulated. 

The receiver was situated near Slough (51° 31’ N, 0° 34’ 
was in operation there from April, 1956, to January, 1957, . 
for a period in September, 1956, when the equipment was s/f 
to Castlemartin (51° 38’ N, 5° 2’ W) in west Wales. The dil 
of Slough from Gibraltar is 1740km, and that of Casticy 
about 20km less. The centre of the beam of the transmi 
array was directed approximately 5° W of the great-circle 
to Slough and 6°E of the great-circle bearing to Castlema 

The signals were picked up at each receiving site on 1 
dipoles arranged as described in Section 2 at a height of 
The aerial outputs were taken to balanced receivers andi 
there to phase-measuring equipment of the sum-and-difim 
type.! To ensure gain and phase balance in the appari 
separate aerial was placed symmetrically relative to t 
receiving aerials, 27m from their mid-point and 3m high. 
aerial could be made to radiate 37:3 Mc/s, providing 
signals at each aerial for lining-up purposes. 

To take observations, the aerials were first set a waved 
apart, the equipment was lined up, and the gain set so | 
signal at the median level would occupy roughly one-thi 
full scale on the phase-display tube. The phase di 
between the aerial outputs was then recorded photograph 
four times a second for a suitable time. This proces 
repeated for all other desired aerial spacings up to 10(# 
overall time taken from 20 to 60min. The time of obser 
at each spacing was increased from 4min at A to 5min at | 
compensate for the reduced accuracy of estimating the 
meters of the widely-spread distributions expected aiff 
spacings. The aerials were slung from ropes to enable 
position to be altered quickly. To study the changes in pref 
tion conditions occurring during a day, observations# 
generally made at a fixed aerial spacing of A. Mean bedi 
were deduced from these fixed-spacing results by mez 
eqns. (4) and (5). 

Asa check on the equipment and site, calibrations with | 
oscillator were carried out at each receiving point at a dil 
of about 400m from the aerials. With an aerial spacing 
the average bearing error as deduced from the measured - 
was less than 1° for both sites. | 

To provide another test of the accuracy of the measurie 
made with spaced aerials, some observations of the mean bi 
of arrival of forward-scattered waves were also carried oul 


MEASUREMENTS OF ENERGY 


| a dipole aerial system. Of 22 pairs of mean bearings, 
oan which was taken within 10 min of the other, it was found 

the differences between the bearings indicated by the 
wed-aerial and the crossed-dipole systems had an overall 
an of —0-5°; this is quite satisfactory. The mean deviation 
m 1 the mean in these differences was 2-3°. 


‘REDUCTION AND ANALYSIS OF THE OBSERVATIONS 
(4.1) Reduction 


Che results of the work were taken from the equipment in 
: form of photographic records. After processing, these 
re placed in a film reader and the angle between the major 
§ of each ellipse and a fixed direction was read off to give the 
antity 7/2, where ¢ is the phase difference required. If the 
ce amplitude exceeded full scale on the phase display, no 
ding of phase was taken from it, as a signal of such strength 
s assumed to be due mainly to one comparatively intense 
teor trail; such a condition is not compatible with the theory 
xd here and the case was therefore excluded. Also, if the 
dian signal itself exceeded a particular value, the propagation 
§ assumed to be due to reflection from a sporadic-E layer 
her than to ionospheric scatter and no observations were made. 
€ quantities 4/2 were punched directly on cards which were 
red until enough had been accumulated to be dispatched to 
: National Physical Laboratory for computation of v and R 
‘each group of values [eqns. (1) and (2)]. 
In dealing with fixed-spacing results the mean bearing was 
rived from the value of v for each group by means of eqns. (4) 
d (5). A parameter is also required which will act as a 
asure of the spread of energy in the incident radiation. For 
5 purpose each angular spectrum has been assumed to be 
lussian in form and its standard deviation has been chosen to 
fil this function; it can be calculated from the value of R by 
ans of the equation 
7 R = exp (—27?0’y?) 
ere o is the standard deviation in question. 
To produce an angular power spectrum from a series of 
Ups of phase differences with different aerial spacings, the 
lowing procedure was adopted. The values of v and R at 
the integral values of y from 0 to 10 were noted. If results 
one or more spacings were missing from the series, values 
re interpolated from the two nearest spacing results. Missing 
ults were of common occurrence, since the transmission 
edule often only allowed half-an-hour for the whole series 
d it was difficult to cover every aerial spacing in a whole hour, 
ecially at night. The integration involved in eqn. (3) was 
N carried out by the simple trapezoidal rule, except that the 
iction Rcosv was considered to be parabolic in the region 
my = = 0 to 1, with zero slope at the origin. For values of 
reater than 10, R was taken to be zero. 
In the above, R and v for a spacing y are effectively the mag- 
ude and phase of the Fourier component of the angular 
ctrum Q(s) of period in s equal to 1/y. As the spacing 
= 10 was the largest used, this means that details separated 
much less than 0-1 in s cannot be resolved in this way. In 
ictice, as the component for y = 10, which is of the form 
(2075), falls from a maximum to zero over a range of 0-025 
, it might be thought reasonable to give points of Q(s) 
arated by this amount. However, as y = 10 was not always 
d. ene results for Q(s) have been calculated at a separation in 


(9) 


_ (4.2) Validity and Accuracy of the Methods Used 


The method of deriving the angular spectrum can fail to give 
urate results in two main ways—first, if the assumptions made 
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in the theory are invalid, and secondly, if the angular spectrum 
does not remain sufficiently constant over the period of 
observations. 

To test the validity of the theory used, a number of distributions 
of phase difference about their mean were examined to see if they 
conformed to the distribution given by eqn. (8). Of the 12 cases 
tested, two gave distributions which were significantly different 
from the theoretical one at the 1% probability level. One of 
the other differences was significant at the 5°% probability level. 
This certainly suggests that the assumptions made in the theory 
are not always valid. It may be noted here that this is contrary 
to the conclusions reached by Hagfors and Landmark,> who 
studied the dependence upon amplitude of certain functions of 
phase difference. Examples of the actual and theoretical phase 
distributions obtained at Slough are given in Fig. 1:(b) shows a 
significant difference between the two, but (a) does not. 


NUMBER OF VALUES PER DEGREE OF PHASE DIFFERENCE 


-60 ° 60 


120 


PHASE DIFFERENCE , DEG 


Fig. 1.—Phase-difference distributions. 


Aerial spacing, one-wavelength. 
(a) 2205, 30th November, 1956. 
(b) 0612, 30th November, 1956. 
Observed. 

~—-—-- Calculated from eqn. (8). 


It was considered advisable to pursue this matter further and 
so a comparison was made of the values of amplitude correlation 
coefficient, p4, derived in two different ways. One was obtained 
from the signal amplitudes while the other was derived by means 
of eqn. (6) from the value of R which, in turn, was obtained 
from the phase-difference distribution by eqn. (2). The signal 
amplitudes at the two aerials are related to the lengths of the 
major and minor axes of the ellipse in the phase display. Sup- 
pose that these lengths are p, and gq, respectively and that 
Kis eee 

It is shown in Section 11.3 that the amplitude correlation 
coefficient py is given by 


pee 
D pz — -(Up,)? — Ug 
nh 
pie : (10) 
Up — (pi)? + dk 
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Some of the results obtained in this way are shown in Table 1, 
where 0:91R? is the value of amplitude correlation coefficient 
obtained from the phase results, and p, is that from the ampli- 
tude measurements. According to eqn. (6) these should be the 
same for values of R not near to unity, provided, of course, 
that the theory is completely valid. 


Table 1 


COMPARISON OF PHASE AND AMPLITUDE RESULTS FOR THE 
AMPLITUDE CORRELATION COEFFICIENT 


0-91 R2 Ps 
Date (1956) aoe R from eqn. (2) | from eqn. (10) 


9th May 

9th May 

9th May 
16th August 
23rd August 
24th August 
24th August 
24th August 
1st December 
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It will be seen that the agreement between the two is very 
poor, except for the narrow aerial spacings with which are 
associated the higher values of 0:91R?. To explain this result, 
an effect must be sought which would tend to make peaks (or 
minima) of signal occur simultaneously at the two aerials in 
use, but which would still give a wide spread of phase differences. 
Now this is just what would happen if individual strong meteor 
signals were not eliminated satisfactorily from the records. For 
if, at any instant, a particular meteor signal increased so that it 
was larger than all other signals combined, then a maximum of 
signal due to it would frequently occur at the same time at both 
aerials, but there would be no noticeable tendency for this to 
occur near any particular value of phase difference for the large 
aerial spacings. 

It may be noted here that p4 was brought nearer to 0-91 R? by 
reducing the rejection level for strong signals, but they could 
not be made to agree without removing a large percentage of the 
initial data. 

It must now be clear that the initial assumptions behind the 
theory cannot be regarded as entirely valid, since the high 
amplitude correlations observed directly at wide aerial spacings 
preclude this. The hypothesis that the discrepancies are caused 
by the presence of meteor reflections in the received signal is 
strengthened by an examination of the case of phase distribu- 
tion (with narrow aerial spacings) which did not agree well 
with the original multi-signal theory. The distribution in 
Fig. 1(6) is one of these, and it shows a dip near 0° phase 
difference, which corresponds to the great-circle bearing of 
Gibraltar. It is a well-known result in the theory of reflec- 
tions by meteor trails® that few reflections will be obtained from 
the near neighbourhood of the great-circle direction. 

The question must now be considered of whether the failure 
of the original assumptions invalidates all the results obtained. 
In the first place, consider the results for mean bearing and 
energy spread derived from fixed-spacing measurements as 
explained in Section 4.1. Take an extreme case of the meteor 
effect by supposing that the entire signal is due to single plane 
waves building up and fading out rapidly in such a way that 
only one is present at any instant. Here the mean bearing of 
the incident energy, averaged over time, is still quite reasonably 
calculated by eqns. (4) and (5) since it will make little difference 
whether the averaging process of eqn. (1) is applied to the 


bearings or the phase differences; all results based on > 
bearings can therefore still be taken to be correct. Ho 

for this situation the spread of the energy will be rather diffi) 

It is simpler here to deal with the mean deviation from the } 

of the phase-difference distribution, rather than R. 

defined by | 

i! 2 

=- = 2m 

B >) [p_ —¥ + 2mn| | 


so that R= cos. Then a Gaussian incident distributi« 
energy in azimuth will have a standard deviation, 01, give al 


ls ala 
2/(2m)y | 
for the case of single incident plane waves. The compas 


formula for the multi-signal case can be obtained from eq) 
and is if 


O71 
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Thus for an assumed Gaussian distribution of 7 
eqns. (11) and (12) give the standard deviation on the ba 
the two theories. A plot of o and o,; against 8 is shew) 
Fig. 2. The difference between o and o,, though apprecd 
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Fig. 2.—Variation of o and o; with £. 
See eqns. (11) and (12). 


is not great; in going over to the single-signal theory the bi) 
change involved is an increase of 1-3° to the standard devi 
in the region near 8 = 40°. As the true situation probabbk 
between the extremes of the multiple-signal and single-si 
theories, it is probable that an error of less than 1° in o wa 
caused by using the results of the multiple-signal theory ari 
to any fixed-spacing measurements. 

The situation is more uncertain where the results are consis 
of the variable-spacing work, which should give the cor 
angular spectrum on the multi-signal theory. Most ox 
phase-difference distributions examined are in agreementti 
this theory, and it therefore seems justifiable to presenti 
the results obtained in this way. The satisfactory agreed 
between theory and experiment found by Hagfors and Landi 
also lends support to this course of action. However, , 
clear from the considerations already discussed in this Sed 
that the results cannot be considered to be as well establ! 
as those obtained from the fixed-spacing measurements; ;} 
are therefore given in separate Sections in the following. 

To study the other source of error in this work—the chai 
in propagation conditions during one hour—tests were mac) 


mining the values of v and R obtained at a fixed spacing (of 
€ or two wavelengths) at 5min intervals. If the results are 
inged into terms of bearing, the distribution of mean bearings 
tained i in this way have, for example, a standard deviation 
'0-9° centred on an overall mean of 3- 2° W, and the values 
‘standard deviation which represent the spread of the energy 
azimuth have an s.d. of 0-4° and a mean of 4:4°. These 
st ts appear reasonably steady and indicate that propagation 
nditions are usually sufficiently stable for this purpose. As 
_ additional precaution, those variable-spacing results which 
incided with a marked change of amplitude level during the 
riod in observations were rejected. 


5) MAIN RESULTS AT SLOUGH AND CASTLEMARTIN 
(5.1) Results with Fixed Aerial Spacing 


The results which are discussed in this Section were obtained 
th the use of aerials at a fixed spacing, usually of A. The 
ost striking discovery made by this means was the variation 
"mean bearing with time of day, which was shown by the 
eliminary results at Slough reported in the previous paper.! 
ae complete set of values at Slough is shown in Fig. 3, which 
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U.T., HOURS 


ig. 3.—Diurnal variation of the mean bearing of signals received 
ds ‘at Slough from Gibraltar by ionospheric forward scattering. 


@ Excluding December. 
© December only. 

(a) Transmitter array. 
b) Transmitter dipole. 


dudes in Fig. 3(b) results when the transmitting aerial was a 
pole. In these Figures, all the points included refer to times 
parated by at least 20min to avoid undue weight being given 
temporary abnormal conditions. As bearings taken in or 
ar December appeared to be somewhat different from the rest, 
ey have. been shown with a separate symbol. 

Fig. 3(a) it will be seen that the mean bearing is considerably 
west of the great-circle path by night, whereas on the average 
% nearly on course during the day. In the December results, 
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however, the westward deviation at night is not nearly so 
marked. If they are excluded, the mean value for the mean 
bearing in the period of day from 2100 to 0600 is 7-8° to the 
west, while for the period 1200-1800 this mean value is 0-4° to 
the east. The dipole results in Fig. 3(6) are similar, although 
the difference in the bearings is less marked; the corresponding 
figures are 4:2° to the west for the period 2100-0600 and 1-0° 
to the east for 1200-1800. It will be noted that there is a good 
deal of scatter about the mean value in the results. 

To give some idea of the spread of the incident energy in 
azimuth for each group of observations, the standard deviation, 
o, of the angular power spectrum has been calculated from 
eqn. (9) for each case and the results are plotted against time 
of day in Fig. 4. The results for the transmitter array and 
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Fig. 4.—Diurnal variation of the standard deviation of the azimuth 
distributions of energy received at Slough from Gibraltar by 
ionospheric forward scattering. 


(a) Transmitter array. 
(6) Transmitter dipole. 


dipole aerials are shown separately, but the December values are 
not specially indicated since they did not appear to be noticeably 
different from the others. There is again much scatter in the 
results, but if the mean value of o is calculated for the trans- 
mitter array in use for each of the 3-hour periods, 0000-0300, 
0300-0600, etc., maxima are found for the periods 0600-0900 
and 1800-2100 of 8-2° and 6-6° respectively. Maxima for 
these periods are also shown in the transmitting dipole results, 
being of amplitude 9-8° and 8-6°; indeed, the dipole results 
are very similar to the array ones, though with slightly higher 
values of o on the whole. 

It will already be obvious that there is some seasonal variation 
in the results from the difference shown by the December values. 
Plots of the results against time of year have been made for 
bearing in 3-hour groups during the day, but these show little 
more than the absence of large westerly bearings on December 
nights, so they are not reproduced here. There is some indica- 
tion, however, that this effect is part of a cyclical change during 
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the year, with maximum westerly bearings at night in the 
period August-October, and minimum in December; unfor- 
tunately, no experimental data are available from early January 
until the beginning of April. 

The results obtained in September, 1956, with a receiver in 
Castlemartin on the westward side of the main lobe of the 
Gibraltar array must now be considered. A plot of the mean 
bearing against time of day is shown in Fig. 5. The results 
for the transmitter array show a considerable eastward trend 
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5.—Diurnal variation of the mean bearing of signals received at 
Castlemartin from Gibraltar by ionospheric forward scattering 
in September, 1956. 


(a) Transmitter array. 
(6) Transmitter dipole. 


Fig. 


Table 2 


METEOR BEARINGS AT CASTLEMARTIN RELATIVE TO GREAT-CIRCLE DIRECTION 


Bearing 
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Numbers of bearings in a 3° range 


With transmitter array aerial 


during the day, but the mean bearing is nearly on the gr 
circle direction during the night, at least from 2100 to 0; 
This result is nearly the reverse of what is found at Slow 
except that the bearings during the day at Castlemartin are; 
so far off course as those at Slough during the night. 
bearings with the transmitter dipole in use are few in n 
but nevertheless are surprisingly similar to the array results; ; 
point will be discussed in Section 7. 

It is very instructive to compare bearings obtained on forw: 
scatter signals with those on individual comparatively str 
meteor reflections. Practical results for the Gibraltar—Slog 
path had previously been obtained by Meadows,’ and an ef 
was therefore made at Castlemartin to obtain some record! 
meteor bearings during the experiments there. This was 
by reading off the phase differences given by these meteor sigy 
on the existing equipment during the intervals of the og 
work. These phase differences were converted to bearings, , 
Table 2 gives the bearing distributions obtained from them» 
the various 3-hour periods during the day. Three-hour pers 
with no results are omitted, and mean bearings for the distr 
tions are given only where the numbers are sufficiently largg 
justify them. The transmitter-array results show the 35 
trend as the forward-scatter mean bearings with even ai 
decidedly eastward values during the day. The transmir 
dipole results contain the most westerly bearings obtainec, !t 
the mean for the period 1800-2100 is still east of the great-s. 
direction of the transmitter. 


(5.2) Results with Variable Aerial Spacing 


The method of calculating the angular power spectrum [1 
the variable-spacing results has been explained in Section | 
An example of the values of R and v obtained in a partic” 
series of variable measurements is shown in Table 3. 
values were converted to give the angular power spectrum shi 
in the solid curve of Fig. 6, which is the function Q(s) plotted I 
function of s, and is therefore automatically normalized | 
eqn. (17)]. This particular curve is an interesting one asg| 
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Table gives numbers of bearings in a 3° range centred on the value given in the first column. 
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Table 3 

yaxuss OF R AND v FOR 0638-0720, 17TH AucustT, 1956, 
: AT SLOUGH 
} y R v 
tl deg 
is 1 0-74 74 

a 0:23 —16 
| 3 0-08 13 
4 0:06 —68 
i 5 0-32 —10 
te 6 0-03, 154 


i 
ppreciable part of the incident energy comes from near the 
reat-circle direction, but some also comes from much more 


vesterly bearings. Another example of an angular spectrum is 
iven i in Fig. 7—this time it is of a more ordinary kind, showing 
ne strong peak slightly displaced to the east. The negative 
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Fig. 6.—Angular power spectrum at Slough for 0638-0720, 


17th August, 1956 


Transmitter aerial, dipole. 


Energy arriving at site. 
—-—--— Energy picked up by rhombic. 
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pe. 7.—Angular power spectrum at Slough for 1106-1142, 
8th January, 1957. 


Transmitter aerial, dipole. 


alues for the incident energy near s = + 0-1 are, of course, 
hysically meaningless. They do occur sometimes in the results, 
resumably owing either to errors in the initial data or to the 
umerical integration procedure not being sufficiently accurate. 
To enable some conclusions to be drawn from the entire 
lection of angular spectra available at Slough, the average 
alue of Q(s) was taken in each case for the ranges of s of —0-14 
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to —0-10, —0-02 to +0-02 and 0:10 to 0:14, corresponding to 
bearing ranges of 8:0°E-5:7°E, 1-1°E-1-1°W and 5:7° W- 
8:0°W. It was considered that the value of Q(s) around 
s = 0 would provide information about the energy propagated 
by a turbulent-scattering process, and the other values would 
do the same for energy reflected from meteor trails. Theoretically 
the area under Q(s) is always constant and equal to unity and 
so the quantities considered here are really percentages of the 
total energy and not absolute values. The mean of the average 
values over all spectra was taken for each range; day and night 
were treated separately, and so were the December results. 
Thirty curves for Q(s) were dealt with in this way; five were 
rejected for this analysis because the area under the curve 
appreciably exceeded unity. The results are given in Table 4. 


Table 4 


MEAN AMPLITUDE OF ANGULAR SPECTRA AT SLOUGH IN 
CERTAIN RANGES OF s 


Mean amplitude over ranges of s of 


— 0-02 0-10 
to 0-02 to 0-14 


— 0-14 
to — 0-10 


0600-1800, excluding Dec. 
1800-0600, excluding Dec. 
0600-1800, 29th Nov.—8th Jan. 
1800-0600, 29th Nov.—8th Jan. 


The transmitter array and dipole results have not been treated 
separately. Negative values of s correspond to easterly bearings. 

The amplitudes in the westerly range 0-10-0-14 (excluding 
December) are significantly greater by night than by day, as 
would be expected if their were a considerable meteoric con- 
tribution to the signal.’ The difference, though it still exists, 
is not statistically significant for December. Note, too, that 
the amplitude during the main part of the year is larger at night 
in the west (3-9) than in the on-course range (2:7). Another 
feature of Table 4 is the significant difference between day and 
night values of amplitude in December for the range around 
s = 0; this shows that the proportion of energy near the great- 
circle direction is greater by day than by night. On the whole 
these figures, which refer to Slough only, agree well with the 
fixed-spacing results. In particular, they confirm that a greater 
percentage of the energy comes from the west at night and that 
this tendency is less marked in December. 

A number of variable-spacing observations were carried out 
at Castlemartin, one of them being that shown in Fig. 8. The 
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Fig. 8.—Angular power spectrum at Castlemartin for 0306-0350, 
25th September, 1956. 


Transmitter aerial, array. 
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calculations corresponding to those in Table 4 were also per- 
formed for the Welsh data and are given in Table 5. 

It must be pointed out here that these daytime values for 
Castlemartin do not agree particularly well with what would be 


Table 5 


MEAN AMPLITUDE OF ANGULAR SPECTRA AT CASTLEMARTIN 
IN CERTAIN BEARING RANGES 


. Mean amplitude over ranges of s of 


— 0-14 
to —0-10 


— 0:02 0-10 
to 0:02 to 0-14 


0600-1800 0:9 
AeAl 


1-4 
1800-0600 2-4 


6-0 
4-0 


expected from the fixed-spacing results, which showed a marked 
eastward trend during the day. However, the sample here is 
rather small, as only four sets of daytime results are available, 
three of which were taken on one day. 


(6) AERIAL-GAIN COMPARISONS AT SLOUGH 
(6.1) Measurements with Fixed Aerial Spacing 


A complete knowledge of the angular power spectrum at a 
point on the ground is necessary to enable one to calculate 
precisely the gain realized by any particular receiving aerial 
situated at that position. However, with the assumption that 
the shape of this power spectrum is Gaussian, the gain can be 
calculated from the fixed-spacing results alone; the accuracy of 
this deduction will, of course, depend to some extent on the 
goodness of this assumption, but it should not be too 
unsatisfactory. 

A rhombic receiving aerial was in use at Slough during the 
period in question for the measurement of the signal strength of 
the Gibraltar transmissions. The input to the receiver could 
also be switched to a dipole aerial. For a period in 1956 the 
rhombic and dipole inputs were changed automatically every 
10 min, thus providing a means of finding the gain of the rhombic 
over the dipole.* For all occasions when this switched-aerial 
reception was in use at the same time as the fixed-aerial-spacing 
measurements, already described, were taken, gains were com- 
puted by both methods; the results are shown in the scatter 
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Fig. 9.—Comparison of actual and theoretical effective gains of the 
rhombic aerial at Slough and a dipole. 


diagram in Fig. 9. To check the gains and polar diagrams of 


the Slough aerials, an extensive series of measurements was 
carried out in an aircraft from the Royal Aircraft Establishment, 
Farnborough. The shape of the main lobe of the rhombic 


* This work was under the direction of Mr. G. W. Luscombe. 
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| 
polar diagram turned out to be very close to that predictee 
theory, but its actual plane-wave gain over the dipole was raf 
lower than expected, namely 13 instead of 15dB. The | 
power points were at about +6° from the maximum. 
The relation between the actual and calculated gains show) 
Fig. 9 does not show a perfect correspondence between the j 
but the general tendency for each to increase together is 
evident. It will be noted that the actual gains are, on aver 
rather lower than the predicted ones by about 1dB._ 
explanation for this effect has been found, although the | 
crepancy would, of course, be eliminated if the plane-wave ; 
of the rhombic were taken to be 12 instead of 13 dB; the dil 
measurements from an aircraft might just be stretched to a 
this interpretation, but 13dB seems the fairer value to 
from them. 


| 


| 
(6.2) Measurements with Variable Aerial Spacing 


Theoretically, the fixed-spacing results cannot lead to suuj 
satisfactory calculation of the gain realized by any receig 
aerial as can the variable-spacing results, which, of course. | 
the angular power spectrum, but this factor is offset ini 
present work by the decreased reliability of the variable-spaze 
experiments. However, if the angular power spectrum is rej 
known, the power arriving from any direction has only «cf 
multiplied by the receiving-aerial polar diagram to give} 
power reaching the receiver from that direction. The cons; 
tions from all directions can be added up and compared withle 
total power in the signal picked up by a A/2 dipole. Figi, 
which shows a particular angular spectrum, also contauil, 
curve giving the reduction of power in each direction causse 
the polar diagram of the rhombic aerial at Slough. Measss 
ment of the area under this curve leads to the result thatie 
gain of the rhombic over the dipole at this time would be 8 - &i. 

The gain of the rhombic aerial has been calculated in this 5 
for all of the variable-spacing results during which aciJ 
measurements of the gain were carried out. A comparisoy 
the values obtained in each way is given in Table 6. Urj 


r 
i 
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Table 6 


COMPARISON OF THE OBSERVED GAIN OF THE SLOUGH RHon/l 
AND THAT CALCULATED FROM THE ANGULAR PO 
SPECTRUM 

Date (1956) 


Observed gain | Calculated gain 


betes 


RANA NWOO 


17th Aug. 
21st Aug. 


22nd Aug. 
23rd Aug. 
24th Aug. 
24th Aug. 
17th Dec. 


— ao 
rPwaooo°onme a 


tunately, not many results are available as the switching f 
rhombic to dipole was not carried out until August, 1956, 
also because ionospheric back-scatter prevented the use of ai 
of the daytime measurements. . 

The two values are generally of the same order of magni} 
but the agreement in detail is not good. As the values sha 
certainly be the same, some errors must have arisen ind 
estimation of one or other of the values. It has already | 
pointed out that the variable-spacing results are not a 
suspicion, but it must also be said here that on many of} 
amplitude records (from which the observed gain was deri 
the accuracy of reading the gain is not even as good as +1) 


i MEASUREMENTS OF ENERGY 
i Be 
be (7) DISCUSSION 
sefore the implications of the work considered in the previous 
tions are examined, it is interesting to see what can be deduced 
ym aerial-gain measurements by themselves when they are 
udied from the standpoint of the azimuth power distribution 
Be ch gives rise to them. 
Comparative aerial-gain figures showing large gain degrada- 
on are often quoted, but it may not always be realized how 
a fraction of the total incident energy must lie near the 
‘eat-circle path for this to be possible. Consider, for instance, 
ie rhombic aerial at Slough which has already been mentioned, 
ith half-power points at about +6°. The effective gain of 
lis aerial is less than a value between 8 and 9 dB for 50% of the 
me (Luscombe, unpublished results for August and September, 
55). Now an angular power spectrum of Gaussian form, 
mmetrical about the great-circle path, would need to have 
alf-power points as much as 18° from its mean to give an 
fective gain as low as 8 dB, and, of course, still lower gains are 
yund at times. 
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made do not appear likely to affect the answer seriously, and it 
is therefore clear that turbulent scattering from many sources 
simultaneously cannot alone account for the results on this 
particular path. 

The results on energy distributions in azimuth which have 
been given in this paper show what is happening to give these 
low aerial gains. Usually it is because a considerable amount 
of energy has been displaced to one side of the path beyond the 
region of strong reception for the Slough rhombic aerial, as in 
Fig. 6. There is a good deal of variability in the results, however, 
and a mean bearing of zero is sometimes obtained. Now the 
nighttime results for Slough reception in particular suggest the 
likelihood of reflections from meteor trials being responsible 
for much of the energy reaching the receiver. As an additional 
check, a comparison has been made in Table 7 between mean 
bearings obtained in forward scatter and those found in reflec- 
tions from discrete meteor trails; the latter values can be 
obtained from the data given by Meadows. a 

In Table 7 mean bearings are in degrees and only results with 


Lay Table 7 


MEAN BEARINGS OF FORWARD SCATTER (FROM PRESENT RESULTS) AND OF METEOR REFLECTIONS (FROM MEADOWS) AS 
RECEIVED AT SLOUGH 


Bearings 


Type of signal 


0000-0300 | 0300-0600 
s deg deg 
Forward scatter, excluding December Te7 8-4 
Forward scatter, December Soe be Ais 2°2 5-4 
fe Ae 7:9 6°8 


Bisteor reflections 


0600-0900 0900-1200 1200-1500 1500-1800 1800-2100 2100-2400 
deg deg deg deg deg 
5°9 22, —0:7 0-4 4-7 
2-0 — — —2:3 21 
0:0 —0:-4 —0:0 —1:5 4-9 


Bearings are in degrees relative to the great-circle path, negative values representing easterly bearings. 


This type of result leads one to wonder whether any type of 
irbulent-scattering mechanism can give a satisfactory explana- 
ion. Consider, for example, times when the transmitter array 
3 in use, and suppose as an extreme case that the amount of 
cattered power is independent of scattering angle. Now the 
mount of power returned from any azimuth can be calculated 
a the same way as the number of meteor reflections from any 
zimuth was calculated in a previous paper,* and with the same 
pproximaticns. It is found in this case that the effective aerial 
ain would be 8-4dB. Thus, even with this wide-angle type of 
cattering, the gain only falls to a value which is exceeded half 
he time, and the hypothesis fails to account for the still lower 
ains which are found for the rest of the time. 
If a more plausible scattering law is taken, the turbulent- 
cattering theory is still farther from being able to explain the 
esults, Suppose that the scattering angle is X. Then the theory 
iven by Villars and Weisskopf leads to the result that the 
eceived power is proportional to sin> (X/2). The gain cal- 
ulations can be repeated with this scattering law incorporated 
nd this leads to the conclusion that the effective aerial gain 
jould be 11-2dB—not nearly a small enough value. It is true 
lat certain approximations have been made in the calculations 
ihich may not be strictly true. For instance, the height of 
0km which was chosen for the scattering region may be too 
: azimuth distribution of energy reaching the receiver and 
hus to increase the effective gain. Or the scattering might have 
een taken to occur over a range of heights, say from 80 to 
00km, but this would add more energy near the great- -circle 
ath and give increased gain once more. The other assumptions 


the transmitter array in use are included; they are based on all 
values obtained, grouped in 20 min periods, and so differ slightly 
from those in Fig. 3. 

If the received signal were due to turbulent scattering alone, 
with a 5th-power scattering law, the mean bearing of the forward 
scatter would be 0:8° W when the transmitter array was in use. 
This figure differs from zero because of the westward displace- 
ment of the transmitter main lobe from the line Gibraltar to 
Slough. Hence, if an appreciable contribution of signal from 
turbulent scattering existed at any time, this would be shown 
by the mean bearing of the forward scatter (as given in Table 7) 
not being the same as the meteor mean (also given in Table 7) 
but lying nearer to 0-8° W. No very marked case of this nature 
is found in the results excluding December, the largest such 
effect being in the period from 1500-1800, where the forward- 
scatter value is 0:-4° W and the meteor mean is 1-5°E; but this 
difference could not be called significant. There is a very 
noticeable discrepancy between the values for the period 0600- 
0900, but it is in the opposite direction. The reason for this is 
not definitely known, but it may be that the entire period 
0600-0900 is not adequately covered in the samples taken. This 
idea is supported by the fact that the mean meteor bearing 
derived theoretically from a uniform heliocentric distribution 
of meteor radiants is 3-5° for this time, in contrast to the 
observed value of 0:0 °; this distribution is known from other 
work* to be quite a good representation of the meteor results 
as a whole. 

The general agreement between the mean bearings of meteor 
reflections and forward scatter at Slough indicates that during 
the night from April to November the forward-scatter signal is 
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almost entirely due to reflections from meteor trails. However, 
as the meteor bearings themselves have values nearly along the 
great-circle to Gibraltar during the day, daytime observations at 
Slough cannot be expected to distinguish between the two pos- 
sible mechanisms for producing forward scatter. The asym- 
metrical property of the mean meteor bearings at Slough, 
namely that they lie on the great circle by day and are 7° W of 
it by night, is largely due to the 5° westward deviation of the 
main lobe of the transmitter polar diagram. Therefore, if 
observations are taken at a point which is at a comparable angle 
in azimuth on the other side of the lobe, one would expect that 
the average meteor bearing would be roughly along the great 
circle to Gibraltar during the night and 7° eastwards of it 
during the day. This expectation is indeed borne out by the 
results of the meteor-bearing experiments at Castlemartin which 
are quoted in Table 2. But if we turn to the forward-scatter 
results given in Fig. 5 for the same receiving point, it will be 
seen that during the day only one or two mean bearings are as 
far deviated as 7°E, the mean being nearer 3°E. The mean 
bearing given by turbulent scattering alone would be 0-8° E, and 
so, as the actual mean lies somewhat nearer to this figure than 
to 7°E, it must be concluded that turbulent scattering is of con- 
siderable importance during the daytime, contributing on the 
average rather more than half the power in the total signal. 

The situation is not so clear at the time of year around 
December, since there are no observations at Castlemartin for 
this time. However, the results do suggest that at night at 
Slough there is an appreciable amount of signal coming in from 
near the great-circle direction, and thus that there is a sub- 
stantial contribution to the energy from turbulent-scattering 
processes. This may explain, at least in part, the fact that the 
strongest mean signals of the year occur in December (see, for 
instance, Isted,? who received the signal near Chelmsford on 
an array with little directivity in azimuth). 

The results obtained at Slough when a dipole aerial was in 
use for transmitting agree reasonably well with the above con- 
clusions. The eastward deviation of mean bearing during the 
day is not nearly as large as would be expected from meteor 
reflections alone, although it is somewhat greater than with the 
transmitter array. Also, the westward deviation at night is not 
so marked. Both these results agree with what the broader 
polar diagram of a dipole would give. 

A few results with the dipole transmitting aerial were obtained 
at Castlemartin. Now, with its wide beam, it ought to give 
much the same sort of azimuth power distribution at Castle- 
martin as at Slough. This is certainly not what is found, for 
the mean bearings are eastward by day and nearly on course at 
night; indeed, there is not even one example of a westerly mean 
bearing at night. The only plausible explanation seems to be 
that the radiated power from the dipole at Gibraltar falls off 
considerably to the west of bearing 0°, the bearing of Castle- 
martin. Fortunately there is a little corroborative evidence for 
this in some meteor bearings which were taken on the dipole 
transmissions at Castlemartin for the period 1800-2100. These 
show a few westerly meteor trails, but the mean bearing of the 
whole group is 3° to the east of the great-circle direction, instead 
of being several degrees to the west. 

When these results are applied to the consideration of other 
ionospheric-scatter paths, it should be borne in mind that the 
meteor bearing distribution will be affected by the orientation 
of the path; however, this distribution is calculable, as was 
shown in a previous paper.* Also, it may well be the case that 
turbulent-scattering processes become of more importance as 
the path length decreases, for the extent of the scattering volume 
common to transmitter and receiver will then become greater 
in the lower regions of the ionosphere.!° Meteors do not pene- 
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trate in such large numbers below 90km in height, and 
effect of turbulence is expected to be greatest in the lower f 
of the E-region. 


(8) CONCLUSIONS 


On the paths studied here, of 1740km from Gibraltar, it 
been shown that at all times of day the distributions of ph 
and amplitude obtained with a pair of spaced aerials are sj 
that the signal cannot be due to scattering from a large n . 
of irregularities. It appears that a strong wave from | 
direction is frequently predominant; this, however, is w 
would be expected from meteor reflections. The results obtai! 
by calculating the angular power spectrum from measuremé 
of phase differences at a number of aerial spacings are therefy 
somewhat unreliable, since they are based on the assumpticn 
a large number of incident signals of random phase; but 
bearings obtained from them are not affected by this. It 
also been shown that the results from observations with a sin 
narrow spacing are still valid. These show a marked dium 
variation of mean bearing at Slough, about 7° W of the gré 
circle direction at night but near 0° W of it by day. At Cas 
martin, on the other side of the transmitter beam, the m: 
bearing was along the great-circle direction by night and ¢ 
by day. By comparing these values with the results of mete 
reflection experiments, it was shown that this indicates that jj 
signal is almost entirely meteoric by night, but that during 
day turbulent scattering contributes somewhat more than ! 
the incident energy. Around December, turbulent scatter 
appeared to be appreciable even during the night. 
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(1) APPENDICES 
(11.1) Derivation of Eqns. (1), (2) and (3) 


Bramley” considered the theory appropriate to the case of a 
tinuous distribution in azimuth of incident waves. Suppose 
at P(«)d« is the power arriving in the sector « +4da. Then 
: defined two functions 443, /4;4 Such that. 


2r 
M13 = [Po cos (27ry sin «)d« . (13) 


2 
ene [P@ sin 2ny sin adda . (14) 


Note that the « used here differs by 7/2 from that used by 
amley. Then he defines 


2 = (uig + vial PG - (15) 
rere Py is the total incident power. Also, 
2 tanv = — pyal p13 (16) 


From eqns. (13)-(16) it can be deduced that 


. 


2m 
1 
, es Gi i P(c) exp (j2mys)dec 
Poo 


. 
itting s = sin «. Hence 


1 ¢! P(sin-!s) : 
injeo a Pe el 2mys)d 
R exp (jv) Py i. Tie exp (j 27ys)ds 


1 
= [ 20) exp (j27ys)ds 
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PPG as) 
where Q(s) = PR agen (17) 
Defining Q(s) = 0 for values of |s| > 1, 
Rexp (jv) = | Q(s) exp (2mys)ds (18) 


Both sides of this equation are functions of y and not of s, 
so that the expression is of a standard Fourier transform and 
can be inverted, giving 


Q(s) = | Rexp (jv) exp ( — j2mys)dy 
—o 
ioe) co 
= | Ros (v — 2zrys)dy —i] Rsin (v — 27ys)dy 
pate — oo 
Now | Rsin (v — 2zys)dy 


ice) 
2 i (R sin v cos 277ys — Rcos v sin 2zrys)dy 
—o 


R is always positive and an even function of y, but v is an odd 
function of y. Hence, both terms of the integral are odd func- 
tions of y, and its value must be zero. So 


fo6) 
Q(s) = i R cos (v — 27ys)dy 
—-o 
co 
= (R cos v cos 27rys + R sin v sin 27rys)dy 
ace) 


co 
— 2| (R cos v cos 27rys + Rsin v sin 27rys)dy 
0 


as both terms are even functions of y. This is eqn. (3). 

It remains to indicate how eqns. (1) and (2) are derived. 
Eqn. (2) is readily obtained from Bramley’s eqn. (36), but eqn. (1) 
is not found quite so obviously. The theoretical distribution of 
phase differences is symmetrical about a certain value, and we 
have to make v the best estimate of this value from the infor- 
mation given in each sample. Some sort of mean is clearly 
required, but taking the arithmetic mean leads to difficulties 
associated with the fact that the phase 359° actually differs 
from the phase 0° by only 1°. The definition of v selected here 
can be thought of as giving the direction of the centroid of 
the phase differences if these are arranged on the circumference 
of acircle. It is certainly an unbiased estimate, and also reduces 
to the arithmetic mean for a very narrow distribution not near 0°. 


(11.2) The Value of v if Q(s) is Symmetrical 
If Q(s) is symmetrical about a certain value, so, of s, then 
Q(so — P) = Qo + P) 
We have, from eqn. (18), 


ioe) 
RiCxpyii— i Q(s) exp (j27ys)ds 


Sots 


res J Q(s) exp (j27ys)ds 


So—S1 
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assuming that Q(s) is zero for values of s removed by more than 
5; from so. Changing the variable of integration, 


Rexp jv = J Q(s9 — p) exp [j27¥(s9 — p)]dp 


bs 
S1 
= 2 exp (j27y59) Jo — p) cos (27yp)dp, 


using the symmetry property. The integral now contains only 
real quantities, and hence 


v = 2759 


as quoted in eqn. (4). 


(11.3) Deduction of Amplitude Correlation Coefficient from 
Measurements on the Phase Display 


Suppose that a, b are the amplitudes of the signals arriving at 
the two aerials and define p, gasp=a+bandq=a-—b. 

Let 0,, Op, Gp, 0, be the standard deviations of the quantities 
denoted in the suffices. As conditions will be the same on 
average at each aerial we have 


Og = % (19) 
1 n 

and - 1 H%=9 (20) 
nN K=1 


Eqn. (20) implies that the mean value of q, may be taken to be 
zero; it must be assumed that n is large. 

If r is the correlation coefficient between a, and b,, then by 
using the expressions for the variance of a sum and of a 
difference, we have 


o2 = o2 + of + 2ro,0, 
= 20%(1 + r) 


Similarly, o% = 2021 — r) 
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Hence be pps 55 
of 15 
ee 
and r= . 4 
on + o5 


We have now merely to express o, and o, in terms of | 
values of p and q. This gives 


eae | 


t2a-(12n)'~Ina+ C20) 


Par: = (2Ep) +24 $ xn) 


1 
x pz oa (= PK —2 I 


eo 1 
x pz — -( p,)? + X a 
n 


using eqn. (20). 

This result has the same form as eqn. (10). Note that 
unaffected by changing the sign of q,, and hence it still gives: 
amplitude correlation coefficient if we define p, g by the relatia 


soap 
d= |a—b) jue 


With this definition p, g can be taken to be the lengths of 
axes of the ellipse on the phase display, since Ross, Bram 
and Ashwell!! gave for these lengths the relation 


gq _|l-@/a)| 

p 1+/a) 
ee ae) 
Ey oa 


If we ignore the constant of proportionality, which is ofl) 
account in correlation work, this gives eqn. (21). Hence egn. , 
gives the relation expressing the correlation coefficient in te¢ 
of the lengths of the axes. 


| 391.812.63 
| | ‘ ) 
. 


If 
1 § 


| 
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SUMMARY 


A study has been made of delayed signals reaching Slough from a 
‘nsmitter at Gibraltar on 37 Mc/s in the winter of 1956-57. The 
san bearing of the first signal to arrive after that due to ionospheric 
sward-scatter was found to vary between 250° and 290° during the 
y; the spread of energy in bearing is also considered. It is shown 
at the radiation from the transmitter aerial must be stronger 
the west than to the south. Results for the second delayed 
mal are also given. Round-the-world echoes were occasionally 
‘served, but these did not arrive from the direction of the great circle 
ntaining Gibraltar and Slough. 

‘ 


(1) INTRODUCTION 


Directional observations were carried out at Slough during the 
riod April, 1956, to January, 1957, on the forward-scatter 
mal from a transmitter at Gibraltar with horizontally- 
jlarized aerials on the frequency of 37:3Mc/s. This work, 
hich has been described in a previous paper,! was carried 
it by means of measurements of the phase difference between 
e signals arriving at a pair of aerials spaced at right angles 
| the great-circle direction of Gibraltar. The work of Crow 
al.* had previously shown that interference from back-scatter 
gnals was likely to be experienced frequently; at times when 
is Was expected the transmitter sent pulses of 10ms length. 
his enabled the forward-scatter and back-scatter signals to 
» studied separately, and the present paper describes directional 
easurements on the latter. 

The measuring technique employing spaced aerials was not, 
ywever, particularly suitable for obtaining bearings on the 
ick-scatter. The polar diagram of the spaced dipoles fell off 
© much at angles far removed from the great-circle direction, 
id there were, in general, four ambiguities in bearing for a 
ven phase difference, even if the smallest possible aerial spacing 
f one wavelength) was used. It was therefore decided to use 
crossed-dipole system to measure azimuth; the aerials were 
wizontal at a height of 23m and were each connected to one 
annel of a twin-channel receiver with a cathode-ray-tube 
splay. Such a system has a 180° bearing ambiguity and is, 
‘course, much more subject to polarization error than is the 
aced-aerial system, but it was considered adequate for the 
curacy required, which was of the order of +5° for a mean 
aring. 

Each received signal on the display had the form of an ellipse 
hich changed continually in size, shape and the direction of 
Major axis. The last quantity is what would be considered 
e bearing of an ordinary signal, and will be referred to here 
the ‘indicated bearing’. Now, a given distribution P(a) of 
cident energy (expressed as a function of «, the bearing in 
dians relative to some particular direction) will give rise to a 
rticular distribution g(9) of indicated bearing 0. The form of 
y) is not known for this particular problem, but if the dipole 
lar diagrams are taken to be sinusoidal in shape, and if the 
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incident energy is restricted to a sector of about 50° in azimuth, 
it can be shown that 


g(8) = (1) 


Vv 
1 TBR 
J Pla) gin? ode: 
Se (2) 


where v 


= : 
J P(«) cos? ada 


In the above, « must be measured from the mean bearing of 
the incident radiation; v can be seen from egn. (2) to approximate 
to the standard deviation of the distribution P(«), as P(«) is 
assumed to be appreciable only when «is small. It is interesting 
to note that a relation of the same form as eqn. (1) was obtained 
by Whale and Delves? for indicated bearings taken on another 
type of narrow-aperture direction-finder; an account of the 
methods used in deriving distributions of this type can also be 
found in their paper. 

It remains to estimate the mean bearing and the standard 
deviation of the distribution from each set of indicated bearings. 
The mean bearing can be readily obtained from the mean 
indicated bearing. By calculating the variance, o*, of the indi- 
cated-bearing distribution given in eqn. (1) it is found that 

y 4 
7 = 5 loge 5 02 tee ee ear) 
This is shown by Whale and Delves?; to reach this result they 
had to curtail the distribution effectively at 0 = +7/2, but this 
is similar to what was done in taking the present observations. 
A plot of the function v is shown in Fig. 1 with the values 
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Fig. 1.—Actual standard deviation, », of the incident power distribution 
as a function of the standard deviation, o, of the indicated bearings. 
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transformed from radians to degrees; the actual standard devia- 
tion is rather more than half the indicated standard deviation 
at values of o in the range 5-10°, but the ratio increases 
towards unity as o increases. Outside the range of values shown 
in the Figure an exact curve cannot be given owing to the 
breakdown of the approximations in the theory, but it seems 
reasonable to assume that the curve will continue in a similar way. 


(2) RESULTS 


The results given here were all obtained during the period 
19th November, 1956, to 8th January, 1957. The bearings were 
recorded photographically on continuously-moving film, each 
echo recurring at a distance corresponding to the transmitter 
pulse-recurrence frequency of 4 pulses/sec. This was a time of 
high critical frequencies in the F2 layer, and consequently more 
than one delayed signal, as well as the forward scatter, was 
frequently present in the daytime. The first delayed echo 
arrived about 15-20ms after the forward-scatter signal and 
showed a marked diurnal variation in bearing, as is illustrated 
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the actual energy distribution will be somewhat less thanijj 
shown in the Figure (see Fig. 1). | 

It is of interest to see whether these effects can be exphi 
theoretically. For this purpose the ionospheric pred 
charts for foF2 in December, 1956 (produced at the 
Research Station) were used to calculate the area on the e 
surface to each point of which propagation was possible }j 
single-hop F2 path from both Gibraltar and Slough. Thi 
done for the times 1000, 1200, 1600, and 1800 U.T. The cng 
frequencies used in the calculation were increased by a fact'}j 
1-2 as the predictions for that month turned out to be tog 
by approximately this amount; some allowance was also 1 
for the thickness of the ionospheric layer. These charts (¥\} 
have been drawn on a gnomonic projection) are shox 
Fig. 4. A region to the south and east of Gibraltar has 
excluded from the attainable area in each case, as measurenilk 
of the transmitter polar diagram indicated that no radiation | 
place in these directions. This is shown by the work of ( 
et al.2; the polar diagram given by them applies to the 
only, but they state that it is the mass of the Rock whicr 
off the south-easterly radiation. As the dipole was siuf 
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in Fig. 2. The bearing of Gibraltar from Slough is 194°. The 
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signal appeared at a bearing of about 250° at 0900, swung 
round northward to reach 290° by 1500, and moved back a little 
before disappearing around 1900. No observations were made 
between 1300 and 1500. The corresponding values of standard 
deviation, o, of the indicated bearing are shown in Fig. 3. 
Here the trend appears to be one of gradually-decreasing standard 
deviation during the day. Note that the standard deviation of 
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bearing of the first delayed signal from Gibraltar as a function of time of day. 


© Transmitter array. 
x Transmitter dipole. 
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beside the array it is likely that it, too, did not radiate ar 
ciably to the south-east. 

It is evident from a consideration of the chart for 1000. 
the mean bearing of the area shown there is far removed from 
value of 255° which is found in practice. The only explana# 
of this seems to be that the northern part of the area is r 
strongly illuminated than the rest, i.e. that the power radi 
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Fig. 3.—Standard deviation, o, of the indicated bearings of the first delayed signal as a function of time of day. 
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4.—Areas (shown shaded) on the earth’s surface which can be 
et from both Gibraltar (G) and Slough (S) by a single 
teflection from the F2 layer on 37 Mc/s. 


Projection, gnomonic centred on Slough. 
: Scales in the diagrams show bearings from Slough in degrees. 
Distance scale applies only along a radial line from Slough. 


m Gibraltar is greater towards the west and north-west than 
the south with either the transmitting array or the dipole. 
is hypothesis is not inconsistent with the remainder of the 
ults; indeed, the trend in mean bearing during the rest of the 
y is in agreement with this. For instance, the northerly 
wement of mean bearing in the morning (see Fig. 2) can be 
ribed to this effect combined with the spread of high electron 
‘sities to the north as the day advances. Also the bearing 
290° accompanied by a small standard deviation at 1600 is 
counted for by strong illumination of the area to the north- 
st of Gibraltar. By 1800 the mean bearing is found to have 
urned to about 280° as the northern boundary of the area has 
ved southward; although this movement is not large, it is 
portant because it removes a region which was previously 
ongly illuminated. 

The second delayed signal to arrive has a delay of 25-40ms 
the forward-scatter component and it too exhibits a marked 
irnal change of bearing, as is shown in Fig. 5. In the morning 
mean bearing of this signal is much more southerly than that 
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of the first delayed echo, as is reasonable since it is only in this 
direction that there will be sufficiently high ionization present 
at distances up to 6000km from Slough. However, when the 
higher ionization spreads farther west in the afternoon, the 
bearing changes to values very near to that of the first delayed 
signal. The standard deviation, o, varies during the day similarly 
to that for the earlier component, although it is slightly greater 
on the average. 

Signals with a greater delay than 40 ms occasionally appeared 
on the records in a readable form. Of these, the one of the 
greatest interest was a signal with a very long time-delay of the 
order of 150ms. Now, round-the-world signals from this 
transmitter have already been reported by Luscombe‘ at Slough, 
with a time-delay of 140ms. The difference in the times 
reported are probably not significant, since in the observations 
discussed in this paper the nature of the display prevented time 
measurements of high accuracy being made. 

The times of day when these long-delay signals were observed 
were either from 0900 to 1000 or from 1500 to 1600 U.T. A 
summary of the results obtained is given in Table 1. The sense 


Table 1 


SIGNALS WITH A LONG TIME-DELAY 


Number of 
observations 


Standard 
deviation o 


Mean 


Date (1956) bearing 


10th December 
10th December 
10th December 
17th December 


of the bearings given in this Table cannot be taken to be definitely 
established; the particular values listed have been selected as the 
more plausible on the basis of the considerations discussed later. 

To help to decide whether propagation round the world 
seemed possible, charts showing areas of the world in which the 
maximum usable frequency (m.u.f.) for the F2 layer was above 
37 Mc/s have been prepared for the times in question. The 
boundaries of these areas have been taken to be the 30 Mc/s 
m.u.f. contour from the prediction charts, since, as already 
mentioned, the predictions for December, 1956 were too low. 
The charts were drawn on a azimuthal equidistant projection 
and are reproduced in Fig. 6. 
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Fig. 5.—Mean bearing of the second delayed signal as a function of time of day. 
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(a) 


(b) 


{80 


Fig. 6.—The world, with those regions shaded in which the m.u-f. in 
December exceeded 37 Mc/s. The measured bearings of long- 
delay signals are marked. 

Projection, azimuthal equidistant centred on Slough. 


circle represents the antipodes.) 
S Slough. G Gibraltar. NP, SP North and South Poles. 


(a) 1000 U.T. 
(6) 1600 U.T. 


(The circumference of the 


It can be seen from Fig. 6 that propagation round the world 
along the great circle which passes through Gibraltar and Slough 
would be impossible at either time of day, and this, of course, is 
borne out by the results in Table 1. However, as the distance 
between Gibraltar and Slough is small compared with the cir- 
cumference of the earth, propagation between the two would be 
possible along paths reaching Slough from almost any direction, 
as long as ionospheric electron densities permitted this. The 
actual path will, of course, lie quite near to a great circle passing 
through the mid-point M of GS. Now if in a diagram similar 
to Fig. 6(a), but centred on M, the bearing of this great circle 
is varied from 0 to 180°, it will be found that the length of path 
in regions where the m.u.f. is below 37 Mc/s falls to a fairly 
sharp minimum in the sector between 50° and 60°, the value 
of the minimum being about 22% of the total path. This agrees 
quite well with the observed bearing of 62°, The bearing has 
been chosen as 62° rather than 242° because, in going from 
Gibraltar to Slough round the world, the path will thereby lie 
clearer of the low m.u.f. region to the south-west of Slough. 
For the afternoon a similar calculation shows that the length of 
path in regions where the m.u.f. is below 37 Me/s falls to a rather 
broad minimum from bearings 90° to 130°, the minimum value 
being just under 25% of the total path. The observed bearings 
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of 94° and 127° agree satisfactorily with this; the 180° ambi) 
has been resolved in this way because the use of the opp 
sense would mean that the transmitter was radiating apprec 
to the east and south-east, which is contrary to the observed j 
diagram. 
No explanation has yet been given here of how the w 
traverse the regions of low m.u.f., which in both cases are nf 
10000km across—much too long for a single hop. Howvj 
it should be remembered in the first place that the 
charts of Fig. 6 may not be very accurate as they are only la 
on prediction charts. Even if they are accepted as giving ave 
conditions for December, 1956, there are at least two m 
nisms which would account for the propagation. One is th 
electron densities were above average when the observay 
were made; the morning occurrences in particular can rea¢il 
explained in this way. The other mechanism is that propose 
Stein>; it involves reflections from tilted layers and per 
propagation at frequencies higher than the m.u.f. if 


(3) CONCLUSIONS 


In the winter of 1956-57 the signals arriving at Slough 
delays of less than 40 ms relative to the forward-scatter sigaq 
came from a mean bearing towards the west. It appears 
the radiation from the transmitter is stronger in this dizes 
than towards the south. Signals which had travelled rouse 
world were also observed occasionally; these had not trav 
along the long great-circle path from Gibraltar to Slough bu 
followed a path which traversed regions of low electron ceg 
for only a small proportion of its length. 
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SUMMARY 


ne results of a number of short-term oversea measurements of the 
jon of received signal level with range from a 10 Ge/s transmitter 
f presented. It is shown that the variation of signal level within 
prizon was rarely that expected for propagation through an 
. ghere having a uniform refractive-index gradient. Signal losses 
5 to 30dB frequently occurred well within the horizon, these 
3s being recovered when the range between transmitter and receiver 
‘sufficiently reduced. A well-defined interference pattern usually 
din the region of reduced signal level. Some data on the 
ation of refractive index with height up to about 700ft above sea- 
| were gathered using a radio sonde and a captive balloon, but 
detai! was not sufficiently fine to enable a direct relationship to be 
blished between signal losses within the horizon and the occurrence 
eregularities i in the refractive-index profile at low elevations. 
. direct relationship was found to exist between the signal level 
iin the horizon and that propagated well beyond the horizon into 
extra- diffraction region. 


ee Se 


(1) INTRODUCTION 


1949 the Admiralty has sponsored a number of short- 
vestigations of centimetric radio-wave propagation over 
Paths to ranges well beyond the horizon.’ This work 
ved that some factors affecting long-range propagation at 
uencies of about 10Gc/s were not completely understood. 
particular, the signal level in the extra-diffraction region 
Id frequently be some 10-15 dB lower, relative to free space, 
m the corresponding level at 3Gc/s, although the rate of 
val attenuation with increasing distance at the two frequencies 
ained similar. The extra-diffraction signal level and attenua- 
1 rate with distance at 3Gc/s were in agreement with 
Jospheric scatter propagation theory,? but this theory could 
explain the greatly reduced signal level experienced at 
3¢/s. 
en a new series of signal-level measurements was made 
ain the radio horizon at 10Gec/s it was found that a similar 
-of 10-15dB could occur for the more distant maxima of 
interference pattern. At smaller ranges, however, the signal 
1 approached the expected value, resulting in a well-defined 
) to the interference pattern (Fig. 1).4 This effect was fre- 
val observed, although occasions did arise when the recovery 
he signal to a near free-space value was not detected, probably 
- the range was not sufficiently reduced. Under these 
tions it appeared that an overall loss of system sensitivity 
rred. However, the use of power output monitors at 
transmitter, and carefully calibrated receiving equipment with 
lities for checking receiver sensitivity in the field, indicated 
the observed effects were due to a propagation phenomenon 
r than an instrumental error. 
ince only the low-angle lobes of the vertical radiation pattern 
the transmitter contribute to radio-wave scattering in the 
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lower troposphere, any diversion of energy from these lobes 
will result in correspondingly less energy entering the volume 
common to the transmitter and receiver aerial beams and being. 
scattered or reflected into the direction of the receiver. A direct 
relationship between the signal levels in the far interference and 
extra-diffraction regions would therefore be expected, so that: 
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Fig. 1.—Variation of signal level with range at 10Gc/s, English 
Channel, 27th November, 1957. 


Transmitter aerial height 60ft. 
Receiver aerial height 400 ft. 


—--- Theoretical prediction for a ‘standard’ atmosphere. 
—— Observed interference pattern. 


when applying scatter theory to the extra-diffraction signal level 
at 10 Gc/s the measured free-space level of the contributing lobes 
should be used as the reference level instead of the theoretical 
value. When this is done there is no longer any marked dis- 
crepancy” in the extra-diffraction signal levels at 3Gc/s and 
10Gc/s. It has been suggested® that low-level ducts are 
responsible for the reduced signal levels recorded within the 
horizon at 10Gc/s and hence for the reduced extra-diffraction 
signal level commonly observed at this frequency. 

An extensive radio-meteorological study would be required to 
establish the extent and duration of the effect of ducts on 
10 Gc/s propagation over sea paths. Such a study has not been 
possible, but a further series of short-term measurements using 
both ship-borne and air-borne transmitters has been made, the 
results of which are now presented. 


(2) EXPERIMENTAL PROCEDURE 
In order to study signal-level variations within and beyond the 
radio horizon, transmissions from ship-borne and air-borne 
transmitters have been received at shore-based sites. The ship 
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or aircraft carried out range runs along a predetermined track 
on a constant bearing from the receiving site. The opening runs 
started from as close to the receiving site as possible and extended 
to the maximum required range, the closing runs being made to 
the minimum range. The propagation paths were entirely over 
sea at all times. 

The transmitters were pulse modulated and radiated from 
continuously rotating aerials. The shore receiver was mobile, 
with the aerials mounted on a rotatable cabin housing the 
receiving equipment. The beamwidths of the aerials used 
during the experiments are listed in Table 1. Horizontal 
polarization was used throughout. 


Table 1 


Beamwidth 
(degrees to half-power points) 


Horizontal Vertical 


Transmitter 


Ship-borne 
Air-borne 


Receiver 
6ft diameter paraboloid 
20 dB horn pi 


The horn aerial was used for reception within the horizon and 
the paraboloid at greater ranges when the increased aerial gain 
was desired. The paraboloid was occasionally used for recep- 
tion within the horizon in order to make bearing checks using a 
visual sight mounted on the aerial and when the use of the 
narrower beamwidth discriminated against interfering signals. 

At the shore site the received signal level was continuously 
recorded as a function of time. When using a ship-borne 
transmitter the ship’s position as a function of time was charted 
at sea using modern navigational aids. In the case of the air- 
borne transmitter the position of the aircraft was obtained from 
radar plots given by a 10cm radar set installed 780 ft above the 
sea and overlooking the propagation path. Subsequently, the 
variation of signal level with time was transcribed into a signal- 
level variation with range from the transmitter. 


(3) PROPAGATION MEASUREMENTS USING AN 
AIR-BORNE TRANSMITTER 

When measuring the variation of received signal level with 
range, the use of an air-borne transmitter has the following 
advantages over one carried by a ship: 

(a) Measurements of the received signal may easily be made for 
different transmitter heights. 

() Signals may be received over a greater range of elevation 
angles. 

(c) An opening or closing run takes less time to complete, so 
that propagation conditions along the path may not change signi- 
ficantly between the start and finish of a run, or between successive 
runs. 

During April and September, 1958, an air-borne transmitter 
was used for studying low-level propagation over part of the 
English Channel. A receiver, land based on the Isle of Wight, 
was used at one of two sites either 50ft or 300ft above mean 
sea-level. The aircraft flew on a predetermined track at a 
height of 100, 250, 500 or 1 000ft. 


(3.1) Results during April, 1958 
Measurements were made on five consecutive days in April, 
1958, out to ranges of 100 nautical miles. Ten opening and 


ten closing runs were made, successive runs being at different 
heights. 
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On all days low-signal levels were received within the ho 
and enhanced signals were present beyond the horizon. 

For measurements made on two successive days, the rece 
aerial was 50ft above the sea. The variation of received s 
level for transmitter heights of 100 and 250 ft is shown in F 
and 3, respectively. Variations similar to those shown in 
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Fig. 2.—Variation of signal level with range at 10Gc/s, Eng 
Channel, 22nd April, 1958. 


Transmitter aerial height 100 ft. 
Receiver aerial height 50 ft. 


---- Theoretical prediction for a ‘standard’ atmosphere, taking account of t2¢ 
vertical-coverage diagrams. 
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Fig. 3.—Variation of signal level with range at 10Gc/s, En. 
Channel, 22nd April, 1958. 


Transmitter aerial height 250 ft. 
Receiver aerial height 50 ft. 


---- Theoretical prediction for a ‘standard’ atmosphere, taking account of th 
vertical-coverage diagrams. 


occurred for transmitter heights of 500 and 1000ft. The: 
features of the signal-level variations recorded at this site ° 

(a) The signal level approached the theoretical value at elevs 
greater than about one degree relative to the earth tangent : 
transmitter site. 

(6) At smaller elevations, the signal level within the ‘star 
radio-horizon range was reduced by at least 30dB below the: 
space level, there being no well-defined interference pattern. 

(c) The signal level beyond the ‘standard’ radio-horizon 
appeared to be influenced by the presence of a duct. Two) 
of signal variation were recorded, typified by Figs. 2 and 3. 
In Fig. 2, a signal enhancement occurred beyond 30 na: 

miles, following a severe within-horizon fade. This enhi 
ment persisted to a range of nearly 50 nautical miles, 
which the signal attenuation rate fell rapidly. It is likely 
the signal increase centred at 40 + 10 nautical miles was 
leakage from a duct, while beyond 50 nautical miles the s 
was received by diffraction around the earth’s surface. 
The second type of signal variation, shown in Fig. 3, s 
little change in character or attenuation rate either wit 
beyond the horizon, suggesting the presence of a well-dd 
surface duct. 


ing a series of runs, to a maximum range ‘of 25 nautical 
S, took place in succession with opening and closing runs 
ae same height. An opening and closing run at 100ft was 
iediately followed by an opening and closing run at 250ft, 
by similar runs at 500 and 1000ft. The signal varia- 
§ recorded on opening runs are shown in Fig. 4. It is seen 
there is a signal loss on increasing the transmitter height 
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Fig, 4.—Variation of signal level with range at 10Gc/s, English 
Channel, 25th April, 1958. 


mt Transmitter aerial height (a) 100 ft. 
(b) 250 ft. 


“4 ( 
aie Receiver aerial height 300 ft. 


Be cticat prediction for a ‘standard’ atmosphere, taking account of the aerial 
vertical-coverage diagrams. 
» 


Bs; 
1 100 to 250ft, with no further loss on increasing the height 


ft. In fact, a signal enhancement occurred on the S500ft 
ing run between 20 and 10 nautical miles. Increasing the 
to 1000ft produced a further signal loss on the opening 
t there was no difference on the closing run from that 
00ft. These variations of signal level with height of the 
litter were in addition to an overall loss of between 15 
30dB from the theoretical level for propagation through a 
mixed atmosphere. 


: : (3.2) Results for September, 1958 


iring September, 1958, the same type of aircraft and trans- 
I Were available for two days and the same receiver sites 
Propagation path were used as for the measurements made 
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in April, 1958. For one day the receiver was 50ft above the 

sea and opening and closing runs at the same height were made 

to a maximum range of 30 nautical miles. Commencing with 

an opening and closing run at 1000ft (opening run shown in 

nee 5), further runs were made successively at 500, 250 and 
Up 

All these runs showed well-defined interference patterns with 
the maximum signal levels exceeding that of free space. On no 
occasion was a loss of signal level experienced at this site. 

The following day the receiver was in position 300ft above 
sea-level. A similar series of opening and closing runs was 
performed, but the interference pattern was broken up and ill- 
defined, with the maximum signal level barely reaching the free- 
space level when the transmitter was at 100ft. On increasing 
the transmitter height to 250 ft, an overall drop of level of about 
5 dB occurred, this loss persisting up to 1 000 ft. 
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5.—Variation of signal level with range at 10Gc/s, English 
Channel, 15th September, 1958. 
Transmitter aerial height 1 000 ft. 


Receiver aerial height 50 ft. 
Opening run duration: 1011-1023 B.S.T. 


Fig. 


(4) PROPAGATION MEASUREMENTS USING SHIP-BORNE 
TRANSMITTERS 

Measurements of received signal level using a 10Gc/s ship- 
borne transmitter were made in the English Channel during 
September, 1958, and July, 1959. During September, 1958, the 
same receiving sites were used as in the series of experiments 
using the air-borne transmitter, again using one receiver. During 
July, 1959, two receivers were available, making possible simul- 
taneous reception at two heights. 


(4.1) Results for September, 1958 


Measurements were made over a period of two weeks, the 
first with the receiver at 50ft above mean sea-level and the 
following week with the receiver at 300ft. The ship, with the 
transmitter aerial 60ft above the sea, made opening and closing 
runs with maximum ranges varying between 25 and 60 nautical 
miles. The main features of the received signal in the inter- 
ference, diffraction and extra-diffraction regions are summarized 
in the following Section. 


(4.2) Receiver at 50ft above Sea-Level 
(4.2.1) Interference Region. 


(a) Of a total of four opening and four closing runs, five 
showed a loss of signal within the horizon while the remaining 
three showed no significant loss and had maximum signal levels 
greater than free space. 
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(b) When a loss of signal level occurred, the free-space level 
was approached or exceeded when the range was reduced to 
about 1 or 2 nautical miles from the transmitter. 

(c) A well-defined interference pattern was usually recorded, 
even in the regions of reduced signal level. The spacing of 
adjacent maxima and the depth of successive minima were not 
predictable on the assumption of propagation through an 
atmosphere having a uniform variation of refractive index with 
height, even when the maximum signal levels exceeded the 
free-space level. 

(d) On one occasion at a range of about 8 nautical miles, a 
signal enhancement of 10dB above the maximum expected level 
for two-path propagation was observed. A similar enhance- 
ment was recorded during the series of measurements using the 
air-borne transmitter during September, 1958. It seems likely 
that multi-path propagation was responsible for these signal 
increases. 


(4.2.2) Diffraction Region. 

(a) The signal attenuation rate in the diffraction region 
appeared uncorrelated with the degree of signal loss that occurred 
in the interference region. 
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Fig. 6.—Variation of signal level with range at 10Gc/s, English 
Channel, Ist September, 1958. 
Transmitter height 60 ft. 
Receiver height 50 ft. 
(a) Opening run. 
(6) Closing run. 
---- Theoretical prediction for a ‘standard’ atmosphere. 
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(b) The attenuation rate was either similar to, or rat 
than, expected for propagation through a ‘standard’ atmo 
This suggests that, beyond the horizon, the relevant part 
atmosphere important for propagation had a refractive 
gradient which was either near the ‘standard’ value or ones 
tended to produce slight super-refraction. 

(c) When the interference pattern suffered an overall d 
level, the signal in the diffraction region either suffered a ¢ 
drop or regained a value near that expected after propai 
through a ‘standard’ atmosphere. 


(4.2.3) Extra-Diffraction Region. 


Fig. 6 shows range runs made on the same day to ra i 
which the extra-diffraction signal could be records, 
Fig. 6(a) the signal level within the horizon is some 154 
below the free-space level and the extra-diffraction signa 
65dB below. Fig. 6(b) shows an increased signal wit! 
horizon, with the interference maxima near the theoretica! | 
and an extra-diffraction signal level about 55dB beic 
free-space level. 

Measurements of extra-diffraction signal levels at 3 Ge/s 
on many occasions over a period of several years,! have » 
that at the threshold of the extra-diffraction region theg 
level is about 50 dB below the free-space level. Most r 
ments at 10Gc/s have indicated signal levels about 65d 
the free-space level at the threshold.2 Figs. 6(a) and (4) )h 
appear to confirm that there is a direct relationship betwe/i 
signal level at ranges just within the radio horizon anc 
the extra-diffraction region. 
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(4.3) Receiver at 300ft above Sea Level 


The receiver was at 300ft for five consecutive dayy; 
opening and a closing run was made each day to a maaj 
range of between 30 and 50 nautical miles. The types ob 
variation recorded at this site may be summarized as foil! 


(a) Signals up to or exceeding the free-space level were 1/) 
at ranges less than 2 to 4 nautical miles, followed by a ‘ster; 


from 5 to 20 dB below the free-space level. These effects wel 
on five of the ten possible occasions. 

(b) The signal was influenced on one occasion by super-ref'! 
The maxima of the interference pattern approached or exceed. 
free-space level at all ranges, and the diffraction attenuation 1) 
less than would be expected for propagation through a ‘sti? 
atmosphere. I, 

(c) The signal was influenced on one day by well-defined 
propagation, and the average attenuation rate appeared una 
at all ranges out to 50 nautical miles. 


(5) SIMULTANEOUS MEASUREMENTS AT TWO 
HEIGHTS 
During July, 1959, range runs were made in the iff 
Channel using two receivers, thus making possible simul 
measurements at two aerial heights. The aerial of thal 
borne transmitter was 50ft above the sea. At high ti) 
receiving aerials were 10ft and 40 ft above sea-level, and 
tide, 22ft and 52ft above sea-level. Measurements wer« 
over a period of two weeks, 28 opening and closing run 
made to a maximum range of 15 nautical miles. The mii 
ranges were limited by the state of the tide. At high ty 
ship was able to close the range to about 1 nautical miley 
During the time that measurements were made there w. 
change in the propagation conditions, and the signal van| 
recorded at the two aerials may be summarized as follo 
(a) The low aerial was always influenced by the presence 


level ducts along the propagation path, a near free-space 
being maintained to the maximum range involved. At thil 


lee nal was then some 15dB greater than expected for pro a 
rough a ‘standard’ atmosphere [Figs. 7(6) and 86)|. 


nce pattern was broken up and the received signal was of the 
expected under conditions of ducting or multi-path propagation 
. 1(@]. _ Only on one occasion was the level of an interference 
ximum significantly below the free-space value (by about 10 dB). 
lerwise there was no loss of signal within the horizon, the maxi- 
m levels being at, or above, the free-space level at all times. 


appears that during the time that this set of measurements 
nade the refractive-index structure of the atmosphere at low 


along the propagation path favoured super-refraction at 
above the normal surface duct. 
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jig. 7.—Variation of signal level with range at 10Gc/s, English 
j Channel, July, 1959. 


Transmitter height 50 ft. 
Receiver height: (a) High aerial, 52 ft. 
(6) Low aerial, 22 ft. 


---~- Theoretical prediction for a ‘standard’ atmosphere. 


Y OF SIGNAL TYPES RECORDED WITHIN 
THE HORIZON 


ree main types of signal variation with range from a 10 Gc/s 
Mitter have been recorded in the present series of 
tigations. 
‘ype A.—The signal level at all ranges less than that of the last 
tierence maximum is as expected for propagation through an 
hOsphere having a uniform variation of refractive index with 
The maxima of the interference pattern are then nearly 
} above the free-space level. At ranges greater than that of the 
t interference maximum the effects of a surface duct usually 
ome apparent because of the smaller propagation angles involved. 
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(6) 
Fig. 8.—Variation of signal level with range at 10Gc/s, English 
Channel, July, 1959. 


Transmitter height 50 ft. 
Receiver height: (a) High aerial, 40 ft. 
(6) Low aerial, 10 ft. 


~~--- Theoretical prediction for a ‘standard’ atmosphere. 


Type B.—The signal has a maximum value above the free-space 
level to ranges between 2 and 5 nautical miles. At greater ranges 
a drop in overall level of from 5 to 30dB may occur, usually with 
the interference pattern remaining well defined. Beyond the diffrac- 
tion region the weak extra-diffraction field is recorded. 

Type C.—The signal within the horizon is similar to type B, but 
there is no well-defined diffraction region, the signal apparently 
being propagated within the boundaries of a surface or elevated 
duct to ranges well beyond the normal radio horizon. 

Since the measurements that have so far been made were over 
short-term periods, it is not possible to give detailed statistics of 
occurrence of the various types of signal within the horizon over 
any particular propagation path, although the following general 
statements can be made: 

Type A signals have occurred rarely, type B being predominant 
during the series of measurements. Type C has been recorded 
mostly when using air-borne transmitters, when the presence of 
elevated ducts becomes important in influencing signal levels 
within and beyond the horizon. 


(7) POSSIBLE EXPLANATION OF OBSERVED EFFECTS 

In temperate latitudes a well-mixed or so-called ‘standard’ 
atmosphere has a modified refractive index, M, which increases 
with height at a more or less constant rate of 0-036 M units/ft. 
The modified refractive index is defined as 


M=(n—1+4) x 106 


where 7 is the refractive index of the atmosphere at height h 
above the earth’s surface and a is the radius of the earth. 
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Calculations of field strength within the radio horizon are 
usually based on ray theory with the assumption of a constant 
value for dM/dh from ground level to heights well above the 
propagation path. This permits the assumption of rectilinear 
propagation over an earth of modified radius, the ‘radio’ earth 
radius being larger than the geometrical one under conditions of 
super-refraction and smaller under sub-refractive conditions. 
The resulting variation of field strength with range within the 
horizon then consists of a number of maxima and minima 
resulting from the vector addition of direct and sea-reflected 
rays. If the sea was a perfect reflector, the reflected rays would 
be reduced in amplitude only by divergence on reflection from 
a spherical surface and the interference maxima would be nearly 
6dB above the free-space level at that range. In practice, 
diffuse reflections and varying reflection coefficients reduce the 
maximum signal level below that calculated, but in general the 
interference maxima would be expected to exceed the free-space 
level. 

Variations of temperature and water-vapour lapse rates in the 
atmosphere produce gradients of M that persist in limited height 
intervals. The resulting M/h profile then shows a number of 
maxima and minima of M, and rectilinear propagation over an 
earth of modified radius can no longer be considered when these 
variations occur within the propagation path. The theoretical 
treatment of propagation under these conditions is most effec- 
tively performed by ray-tracing methods using the actual M/h 
profile, supplemented, where required, by wave theory. Predic- 
tions of signal level from ray tracings are made by comparing 
the ray densities in the ‘standard’ atmosphere with those for the 
actual atmosphere involved. Within a caustic system, where the 
ray density becomes infinite, numerical values of the signal level 
can be obtained only from wave theory. Methods of ray tracing 
using an analogue computer have been used successfully by 
Wong’ in an investigation of within-horizon fade-outs experi- 
enced during air-to-air and ground-to-air propagation at metric 
and centimetric wavelengths. A direct relationship was found 
between the magnitude and extent of fade-outs, or ‘radio holes’, 
experienced at 3 295 Mc/s, and measured refractive-index profiles 
that were obtained near the mid-point of the propagation path. 
Similar methods were used by Hay and Poaps® to study quali- 
tatively the cause of signal fade-out within the horizon at 2 Ge/s. 

The lack of adequate data on air temperature and humidity at 
sufficient intervals along the propagation path has so far pre- 
vented any correlation between the observed signal-level varia- 
tions at 10Gc/s and experimental refractive-index profiles. 
Direct measurements of air temperature and humidity, using a 
radio sonde suspended from a captive kite balloon, were made 
during September, 1958, and July, 1959, when ship-borne trans- 
mitters were used. The captive balloon was flown from the 
transmitting ship in September, 1958. However, during July, 
1959, a second ship was used to control the balloon, and sonde 
ascents were made on this occasion within the propagation path 
instead of at one terminal. Soundings made within the path are 
likely to yield more representative data on the refractive-index 
structure affecting the propagation than soundings made at one 
terminal, although ideally many simultaneous soundings should 
be made at intervals along the path in order to build up a 
complete picture of the index structure, both in height and 
extent. The received signal is a function of the refractive-index 
structure along the whole path, and unless the lower levels of 
the atmosphere are horizontally statified, one sounding alone 
will not enable theoretical predictions of signal level to be made 
using ray-tracing techniques. In general, the soundings did 
show the presence of surface ducts which affected low-angle 
propagation when type A signals were recorded, but on no 
occasion did the soundings show sufficient detail to account for 
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the severe within-horizon effects that are characteristic of 
signals. 

During the period in April, 1958, when measuremen 
made of the received signal from an air-borne transmitter 
layer about 600 ft thick persisted over the sea and the obj 
trapping into horizontal layers of smoke from ships 
across the propagation path indicated that the air over 
was very stable. It is during these conditions that trap 
electromagnetic energy will almost certainly occur. 

The presence of super-refractive or sub-refractive laye; 
the height of the transmitter aerial can cause a marked redj 
tion of near horizontal energy from the transmitter.” | 
layer is of sufficient intensity to provide a negative refi 
index gradient, trapping of the energy may occur within | 
duct, the duct becoming more effective as the frequenc; 
radiation increases. If the transmitter is just above 
having a negative gradient, radiation entering the layer ¢ 
angles of incidence will be refracted downwards, the amy 
refraction becoming less as the angle of incidence becom 
This situation is shown in Fig. 9(a@), which represents 
tracing drawn for a flat earth, the ray curvature being a 
accordingly. The variation of modified refractive index t 
the layer is shown by the dashed curve at the left oi ~ 
tracing. Above the layer the energy distribution is unafie 
the presence of the layer and the field strength may be cai) 
using the value of dM/dh above the layer. Below the ba 
TA the field has been modified owing to the effect of t% 
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Fig. 9.—Ray tracings. 


(a) Transmitter above an elevated layer. 
(6) Transmitter within an elevated layer. 
(c) Transmitter below an elevated layer. 
(d) Distinctions between surface and elevated layers and surface and eleva/@ 


| ‘acings for the transmitter within and below the layer are 
cin Figs. 9(5) and (c), respectively. Fig. 9(d) illustrates 
tinction between the terms surface and elevated ducts and 
e and elevated layers used to classify Figs. 9(a), (6) and (c). 

udden change of field strength which produces the ‘step’ 
‘near-interference- region characteristic of many records of 
‘level variation with range at 10Gc/s would occur across 
sundary TA, while the subsequent variation of received 
trength with increasing range would depend on the varia- 
f layer height and intensity with range and on the height 
“receiving terminal. 


: ‘ (8) CONCLUSIONS 
rsea measurements of received signal level as a function of 
from a 10 Gc/s transmitter have shown that at ranges well 
i the radio horizon the level of the interference maxima can 
mntly be from 5 to 30dB below the level expected for 
gation through an atmosphere having a uniform variation 
tactive index with height. On the occasions that this loss 
nal level occurs, an increase in level to a near theoretical 
‘takes place when the range between the transmitter and 
r is sufficiently reduced. This increase occurs at the 
_ where it is considered that propagation is no longer 
by discontinuities in the refractive-index structure of 
eephere close to the sea surface because of the larger 
gation angles involved (in excess of one degree in elevation). 
present the data gathered on the variation of refractive 
up to heights of about 700 ft during times that signal-level 
Irements were made has not provided sufficient detail to 
it a correlation between the existence of trapping layers 
he occurrence of reduced signal levels within the horizon. 
folonged radio-meteorological investigation would be 
red to study this and the statistics of occurrence and extent 
wh layers. A common feature of all the measurements has 
hat the receiving terminal has always been on shore, and it 
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is possible that the effects observed are due to the coastal environ- 
ment, It might be expected, therefore, that the type of weather, 
wind direction or type of coastline would be significant. In fact, 
no apparent influence of these factors has been detected. 
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PROBABILITIES OF INTERFERENCE WITH MOBILE FIELD RADIO DER 
FROM A FIELD-STRENGTH SURVEY AT 59 Mc/s 


By Mayor D. R. W. THOMAS, M.B.E., Royal Signals, Associate Member. 


(The paper was first received 21st October, 1959, in revised form 5th July, and in final form 11th October, 1960.) 


SUMMARY 


The paper gives an account of an experimental investigation of 
common- and immediately-adjacent-channel interference areas for 
mobile radio networks, based on a field-strength survey at 59 Mc/s 
over flat and hilly country in north-west Germany. The variation of 
field strength with distance is shown to be in close accord with calcula- 
tion. Particular attention has been paid to investigating the distribu- 
tion of field strength at each distance, which is shown to approximate 
closely to log-normal. It is also established that the variance of these 
log-normal distributions may be considered to have a single value for 
each type of country, irrespective of range. Protection ratios accept- 
able for satisfactory operation are determined from experimental 
observation of common- and adjacent-channel interference. The 
derived data are used to determine probabilities of interference and 
are presented graphically for practical use. 


LIST OF SYMBOLS 


A = Wanted transmitter on link AB. 
B = Receiver on link AB. 
I = Distance from A to B. 

C = Interfering transmitter. 

x = Common-channel interference distance at which C, 
on the same frequency as A and B, just precludes 
satisfactory reception of A at B. 

Hi, = Aerial factor of measuring set. 

J, = Common-channel protection ratio, the wanted station 
being just clearly intelligible; i.e. (wanted-station 
field strength)/(interfering-station field strength), 
dB 


I, 4 = Immediately-adjacent-channel protection ratio, the 
wanted station being just clearly intelligible, i.e. 
(wanted-station field strength on wanted-station 
frequency)/(interfering-station field strength on 
interferer’s frequency), dB. 

s* = Variance. 
s = Standard deviation. 
Sp, Sy = Standard deviation of log field strength for flat and 
hilly country, respectively. 

Eo = Field strength over spherical smooth earth, volts per 

metre. 
P = Power radiated, watts. 
G = Gain of radiator, with respect to 4A dipole. 
hy, hyp = Heights of transmitting and receiving aerials respec- 
tively, m. 
d = Distance, m. 
Ey, = Median field strength over irregular terrain. 
€; = Logjg field strength likely to be received at B from 
wanted station A at distance /. 
€, = Logyo field strength likely to be received at B from 
interferer C at distance x. 
é;, €, = Mean values of e; and e,. 
“= e] =~ G;- 


_ Written contributions on papers published without being read at meetings are 
invited for consideration with a view to publication. 
Major Thomas is with the 28th Signal Regiment. 
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a = Mean value of u. 
i = Acceptable protection ratio, expressed as a log 
to the base 10. ) 
S, = Standard deviation of w. | 
5}, 8, = Standard deviations of likely values of e; 
respectively. | 
X = Units of standard deviation. ) 
Ep, Ey, = Median field strengths at distances / and x 
tively, decibels relative to 1 ~V/m. 
N = Ey = E fixe 


(1) INTRODUCTION 


The majority of mobile v.h.f. communication systems . 
in the congested frequency band 30-300 Mc/s.! In Eure} 
allocation of frequencies below 100 Mc/s is often difficslifi 
police, fire and ambulance services, taxis and the §jj 
operate in this part of the band.2® To meet all demaq 
communications within a given area it is often neces: 
repeat frequencies and use adjacent channels with the 
spatial separation. The paper is concerned with investi'| 
to determine the minimum acceptable distances betwee: 
operating on common and immediately adjacent channy 
a reasonable probability of freedom from interference. { 
range mutual-interference effects, although important ¥{f 
number of stations operate in the same proximity, such ag 
or adjacent vehicles, are not considered in the paper.> 

The investigations were primarily concerned with raa 
designed for mobile use in the v.h.f. band employing fre# 
modulation and providing a simplex speech circuit uss 
same frequency for transmission and reception. For tk 
of set powers vary between 20 and 30 watts and a fraaa 
a watt according to the role a set is designed to fulfil. 
directional vertical rod aerials are normally used. 
arrangements for reading a weak signal in the presen 
stronger one are not in general use and are therefd) 
considered.” § 

The common-channel interference distance may be det 
that distance, x, at which transmitter C, on the same fre# 
as transmitter A on a link AB of length J, causes just su 
interference at receiver B to preclude satisfactory red 
of the wanted transmitter A (Fig. 1). The interpreta: 
‘satisfactory reception’ depends on the type of service r 
and could vary from just being able to pass a message 
presence of interference to complete freedom from inter 
Whether interference occurs at B depends on the ratio of ff 
to interfering signals received. For each type of set th’ 
protection ratio, ic. the ratio of the wanted to int 
signal levels, at which interference is just acceptable. Tt 
is not always easy to determine, since for voice wor 
depends on the operator, as well as the type of modulat# 
the grade of service required.> Owing to the ‘capture’ ¢ 
f.m. working the ability of the operator to read throug: 
ference is not so important as it is with amplitude r 
tion.» ® 9 Acceptable protection ratios for the sets use 
been determined experimentally. 
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Fig. 1.—Interference distance, x. 


he. desired protection ratio is known and the received 
levels at B can be estimated, it is possible to say whether 
sely to interfere with the reception of Aat B. For example, 
' 2, if the protection ratio is 3 dB, A, B and C are deployed 
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own in Fig. 1, all operating on 59 Mc/s, / = 7 miles and 
) miles, interference will probably not occur, whereas if 
Miles and x = 8 miles, interference will probably occur. 
readily be appreciated that different positions of C, at C’, 
ad C’”, different distances, x’, x’’ and x’”, from B could 
aroduce the same signal strengths at B, depending on the 
‘in the paths due to obstacles such as hills, buildings or 

4 The probability that interference will or will not occur 
fe estimated if the likely variations of field strength over 
ent transmission paths of the required distances are known. 
. be determined from an analysis of observed field 
-at various distances over different types of terrain, 
that there was a sufficient sample at each distance. 
A of field strength against distance shown in Fig. 2 is 
ated for a set with 15 watts output into a vehicle-mounted 
a aerial (gain 2 dB) from standard propagation curves. 10 
‘it is permissible to use such curves can be determined 
ing out a field-strength survey over the types of country 
onsidered and making a comparison. If the curves are 
used only for the determination of interference distances it 
lecessary to define field strength in absolute units, although 
‘ould be desirable. The important point is that the slopes 
calculated and measured curves relating field strength to 
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distance should be the same.2 In the paper only normal 
propagation is considered and no account is taken of special 
propagation mechanisms.!!-!4_ Above 30 Mc/s normal propaga- 
tion depends largely on the configuration of the terrain, including 
obstacles, and to a lesser extent on ambient conditions.!5-!7 
An investigation has therefore been undertaken to determine 
the propagation characteristics at 59 Mc/s over different trans- 
mission paths varying between 1 and 21 miles, and a few 
measurements have also been made at 38 Mc/s. The results are 
presented in a form suitable for the quick and easy determination 
of common- and adjacent-channel-interference areas in the field. 

Somewhat similar work has been carried out in the United 
States and Britain for television and mobile-radio service 
areas.” 1618 Jt is thought, however, that this is the first work 
to show that field strengths from nearly randomly sited trans- 
mitters, at a given distance, approximate closely to a log-normal 
distribution with a variance dependent on the type of terrain 
irrespective of range. 


(2) EXPERIMENTAL EQUIPMENT AND PROCEDURE 


(2.1) Transmitters and Receivers 


Two types of set were available for the field trials, namely a 
modern high-quality v.h.f. transportable set of 15 watts nominal 
output and a portable v.h.f. set with an output of less than 1 watt. 
The field-strength survey obviously had to be based on the 
more powerful set, and even this output was barely adequate, 
severely restricting the range of the trials. In other respects 
this set was well suited to the task, since it was robust, easy to 
operate, had accurate tuning and a power pack delivering almost 
constant input. Sets were installed in 4-wheel-drive vehicles to 
provide standardized mobile radio terminals. Two types of 
aerial were used—a vehicle-mounted rod and an elevated 
aerial, both radiating vertically polarized waves. The manpack 
set was only used in the determination of interference levels. 


(2.2) Measurement 


The field-intensity meter available was capable of measuring 
accurately only above 10 uV/m, giving a quite unacceptable 
range limitation, and thus a trials-set receiver was adapted for 
use aS a measuring set. The meter was calibrated directly in 
microvolts per metre, while the receiver calibration graph showed 
the variation of field strength in microvolts per metre times H, 
with limiter grid current. This graph gave ambiguous readings 
for inputs greater than about 50.V/m, and therefore the measur- 
ing set could not be used for the higher field strengths. The 
factor H, is associated with the elevated aerial used with the 
measuring set. Since this factor could not be calculated 
accurately, although estimated to be between 3 and 5dB, 
field-strength observations made with this set were recorded 
in microvolts per metre times H,. The field-strength-survey 
results were later used to obtain a more accurate estimate of H, 


(2.3) Determination of Protection Ratios 


Protection ratios for satisfactory operation of the vehicle 
and manpack sets were determined experimentally, initially over 
comparatively short distances on an emergency airfield. The 
method was to move two transmitters with respect to a stationary 
receiver until the wanted station was just clearly intelligible 
through the interference. When this position—which was quite 
critical in terms of distance—was found, the field strengths from 
the transmitters were measured at the receiver. The ratio 
between the wanted and interfering field strengths was taken as 
the acceptable protection ratio. The immediately-adjacent- 
channel protection ratios were determined in a similar manner. 
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In view of difficulties associated with field-strength measure- 
ments at the longer ranges during the early stages of the survey, 
a system of common-channel voice-interference tests was 
introduced to provide an alternative means of estimating proba- 
bilities of interference. On occasions these tests gave results 
where the wanted station just remained a good working circuit. 
This provided a valuable check of protection ratios when the 
measuring set became available, because the interference could 
be observed aurally and the field strengths measured using the 
same instrument and aerial. 


COLOGNE 


Fig. 3.—Area of field strength survey showing boundary between 
flat and hilly country. 
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(2.4) Field-Strength-Survey Procedure 


The setting for the trials was north-west Germany, 
study of the map shows that, although there are many ¢ 
types of country, the majority can be described as 


Flat.—Flat open or gently rolling country with gentle g 
and contour differences between 50 and 300ft. 

Hilly—Broken country with alternating hills and ste 
valleys, in general with steep gradients and contour differ) 
between 250 and 1 500ft. 


Both types of country include large woods and built-up) 
The areas selected are shown at Fig. 3. Fig. 4 gives 
cross-sections through the flat and hilly country survey 
area of nearly 4000 square miles stretching from 2) 
Dutch border to well into the Sauerland, roughly bou 
the River Ruhr in the north and a line east-west south : 
The main trials took place between September and Mar 
weather conditions from warm sunshine to snow and ‘< 
absence of leaves on deciduous trees during the winter ' 
is unlikely to be significant, since conifers are prepondé 
the woods of this country.!® 

Although it was desirable to make observations at lew 
mediate and high frequencies in the band, this was not ¢ 
The main survey was carried out at 59 Mc/s with a sma: 
survey at 38Mc/s; 59Mc/s was satisfactory througa 
trials, but operation on 38 Mc/s was always difficult, 9 
outside interference. ee 

Within each type of country twelve receiver sites wers 
and from each of these four routes following suitable ro 
tracks were mapped out. Along each route the mild) 
were plotted for radial distances of 1-21 miles. At each i6 
site the control station was established, complete with m: 
apparatus. The mobile stations proceeded along tha 
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Fig. 4.—Sample contour profiles of field-strength survey area. 


(a) West-east along A-A in Fig. 3. 
(b) North-south along B-B in Fig. 3. 
(c) North-south along C-C in Fig. 3. 


30 
DISTANCE, km 
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poring at each mile point and transmitting. Control 
, measured and recorded the field strength received 
transmission, and voice-interference tests were carried 
the outstations reached suitable positions along their 
. Transmissions were made using the 8ft vertical rod 
ind the elevated aerial, although the latter was only used 
nited number of positions, because of the time taken to 
the mast. 
-an unbiased survey all positions should be chosen at 
m. Mobile radio sets, however, are not normally sited 
my: within a general area determined by the task a site 
ormally be chosen to provide good v.h.f. communication 
he other stations on the net or link with which the set is 
ated. The conditions when considering possible inter- 
e are therefore a receiver and transmitter on the same link 
5 sited to provide good communications with each other 
f interfering transmitter sited to give good communications 
ut regard to the interfered-with receiver. One of the 
cteristics of communication in the v.h.f. band is that a 
change i in the position of the receiving aerial may produce 
siderable change in the received signal,!® and this is usually 
‘into account by the operator when establishing com- 
ration. Since the success of a field-strength survey depends 
sults, very unfavourable sites should be rejected, although 
nust be taken not to choose receiver sites which dominate 
irrounding countryside. Sites were chosen with these con- 
tions in mind, but map references for receiver-site areas 
chosen at random. A reconnaissance was then made and 
stual site selected to give reasonable v.h.f. communication 
as wide an arc as possible. It was impracticable to recon- 
> the transmitter sites, in view of the number involved, and 
4 certain latitude in final choice of site was allowed. On 
il at the map reference location the mobile station was 
at a reasonable position within 100 yd of this to give good 
und yv.h.f. communication. If control could not be con- 
1 the mobile station was permitted to move up to 50yd to 
ish communication. These siting rules approximate to 
al field practice, except that the interferer is sited favourably 
respect to the receiver more often than would be expected. 
rrors in radial distance due to the discretion allowed in 
i0ice of outstation sites are certainly no more than those 
ted in the general planning of mobile radio systems and 
ot considered to be significant. For each type of country, 
igh a maximum of nearly 1000 mobile-station sites are 
Jered, only 12 base sites are used. It is estimated that any 
hus introduced is not significant in that the base receiver 
were carefully selected to be representative average field 
ind not sited with reference to the mobile-station positions. 


(3) ANALYSIS OF RESULTS 


re (3.1) Protection Ratios 


2 experiments to determine acceptable protection ratios 
carried out on an emergency airfield at ranges between 300 
300yd. The highest and lowest values of J, recorded 
32 observations during the controlled tests were 4-0 and 
3 respectively. This spread of results is probably partly 
) the three sets not being on exactly the same frequency at 
ne of the observations, in spite of the precautions taken. 
m the observations of voice-interference tests during the 
trength survey 12 instances were recorded where the 
lon-channel interference approached the limiting case. 
ighest and lowest values of J, recorded were 1-7 and 5-8 dB. 
ur tests were carried out with the manpack set and the 
§ are given in Table 1. 
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Table 1 
PROTECTION RATIOS 


Controlled tests Field trials | Weighted 
Set | mean 
ep ly | aN 
dB dB dB | 4B 
15-watt vehicle .. 2°8 — 36 Sr I) 
Fractional-watt manpack 85 —38 — 325) 


(3.2) Voice Interference Tests 


In all, some 120 observations of interference were made 
during the survey, and a record of these is shown in Fig. 5; the 
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Fig. 5.—Voice-interference tests, showing how interferer’s range varies 
with link distance over flat country at 59 Mc/s for the 15-watt set. 


e@ No interference. 
+ Interference, wanted link workable. 
© Interference, wanted link unworkable. 


curve is a plot of interferer’s range against link distance taking 
I, = 3dB and field strength for the various distances direct 
from Fig. 2. This provides an interesting comparison with the 
initial approach to the problem portrayed in Fig. 2 and the 
derived results which follow. For clarity, neither cases of heavy 
interference on the interference side of the curve, nor cases of 
non-interference on the interference-free side of the curve, have 
been shown. 


(3.3) Field-Strength Distribution at a Given Distance 


The analysis of field-strength distribution was performed on 
the observed data before conversion of the results obtained 
with the measuring set to microvolts per metre. This is valid, 
provided that the means of measurement are consistent, since 
the spread of results at each distance is being investigated here 
and not the variation of mean or median values with distance. 
Tests of the measuring equipment were carried out at intervals 
throughout the trials in the form of a re-calibration, and both 
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instruments were found to be consistent within approximately 
+5°%. Observations with the measuring set were treated as 
separate samples from those obtained using the field-intensity 
meter. 

Preliminary investigation of the distribution of the field 
strength at each distance revealed a skew distribution with mean 
values in excess of median values.!9 The data were then fitted 
to a log-normal distribution using probability paper. It was 
found that the field-strength distribution approximated to log- 
normal at all ranges, the fit improving with sample size, and 
Fig. 6 clearly shows the excellence of fit. The examples shown 
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Fig. 6. eee ues of field strength at given distances for 
59 Mc/s; 15-watt set with 8ft-rod aerial. 


* Measuring set readings uncorrected. 

(a) he country; curves indicate log-normal distributions; standard deviation, 
sp = 
(b) ees country; curves indicate log-normal distributions; standard deviation 
ire = 


are quite representative, and even truncated samples at the longer 
ranges, where it was often possible to detect that a transmission 
was being made but not possible to measure it, exhibit the same 
degree of fit. On this evidence it was accepted that field strength 
over a number of paths of a given distance over a particular 
type of terrain followed a log-normal distribution. All observed 
data were therefore converted to logarithms to the base 10, and 
subsequent analyses were carried out on the transformed variate. 
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of distribution of field strength independent of scale. 
strength distributions at the various distances were 0 
correlated and the independence of scale permit 
comparison. 
The samples at each distance for each method of measw 
and type of terrain were analysed separately, and th 
parameters for samples at 59Mc/s, where 90% or mi 
transmissions were measured, are given at Table 2. By 
tion alone it would appear fair to assume that the variai 
log field-strength tend to a particular value for each © 
country independent of range, method of measure 
transmitting aerial. The significance of this hypothex 
tested by Bartlett’s test for variability.2°?! When all < 
are considered the results indicate that the variability 
field-strength has a single value for each type of co \ 
approximately the 20°% level of significance for flat coun 
better than the 20% level of significance for hilly countr 
the samples with rod transmitting aerials measured 
measuring set, the level of significance of a homogeneous ¥ 
is considerably better than 50% for both flat and hilly cf 
Some further analysis was carried out on transmissions <¥ 
simultaneously on the field-intensity meter and measur 
This indicated that the distribution of field strength a’ 
distance is largely a function of terrain and that s¢ 
variations and measuring inaccuracies are of | 
importance. 
The significant factors arising from this analysis . 
follow: 


This facilitated working in decibels and also made ‘: 


(a) Over different paths of the same length in a give 
of country the received field strengths, from a giver | 
aerial arrangement up to heights 1-5 A above ground, 2 
mate to a log-normal distribution, certainly up to r 
few miles in excess of the range of the radio horizon. 

(6) This variation in field strength is largely depen 
the conformation of, and accretions to, terrain. i 
order contributory factors are the condition of the : 
atmospheric and cosmic conditions,!! set perf 
measuring accuracy and extraneous interference. 

(c) The variability of the log-normal distributions 3fi 
strength at each distance appears to be, within practica 
the same for a particular type of country irrespective o 
up to ranges at a few miles beyond the radio horizon. , 

(d) For the two different types of country considd! 
variances of the log-normal distributions of field strer 
significantly different. The standard deviations deriv 
the field strength survey are sp = 0-28, or 5-6dB, | 
country and s; = 0-465, or 9:3 dB, for hilly country.// 


The above results are for vertically polarized waves; fil 
zontal polarization at these frequencies the results sh 
much the same, although the possibility of a greater vad 
due to the difference in propagation of horizontally and 
polarized waves over ridges should not be overlooked.!*>'| 

The results obtained at 38 Mc/s over flat country, a 
comparatively few, are not significantly different from - 
59Mc/s, as shown in Table 3. Over flat country us: 
aerials, with samples of 7 or 8 observations at ranges bef 
and 15 miles, the evidence of common variability, sp) 
is within the 5 % confidence limits. 

It is noted that at both 38 and 59Mc/s the variah| 
ranges of 1 and 2 miles, with one exception, conformin/ 
general assumption of common yariability for each 
country, tends to be greater than at longer ranges. 
has not been pursued, but it may well be due to the er! 
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Table 2 
FIELD-STRENGTH DisTRIBUTION Data AT 59 Mc/s 


Flat country Hilly country 
Diestance 8 ft-rod aerial Elevated aerial 8 ft-rod aerial Elevated aerial 
Sample Mean ‘ Sample Mean Sample Mean Sample Mean 

size Median size Median : size Median 5 size Median - 

i " , miles dB dB dB dB dB dB dB dB 
intensity 1 34 2-1 7-0 14 1-9 7-0 34 5-3 10-4 12 3-9 7:5 
eter 2 SL 226 i 13 2s 7:0 32 305) 9-6 10 26 6:9 
Hi 3 2 Ne 5-0 14 itor! Sys 36 5:8 10-1 11 8-5 11-4 
Va 4 31 1:3 you | NS) ley 5°9 29 3” 1 9-1 11 4-1 8-4 
suring set 3 43 7, yo 7 ite)! Srl 42 4-2 8-9 16 : ; 
yo 4 25 2-9 6-0 13 0-7 3-6 29 4-0 9-0 12 re ie 
vat 5 40 (hos) 5-4 13 OS 7:4 44 4-3 8-6 19 325) 8-7 
6 — = = = = — 27 4-1 ir ee = = 
fi al 4] 2°4 8 15 23 6:9 47 4-5 9°3 16 7:9 11-7 
re 8 oa — — — — 29 4-0 71 — — _— 
i 9 4} 1:4 4-9 17 2°6 7:8 41 a3 9-4 5 Die, 11-0 
| 10 _—: — — — — 28 4-8 Qo3} — a — 
ig 41 2-4 S19 7/ 15 0-7 4-0 39 Sei 8-4 16 6°8 10-6 

12 — — — — — — 25 6°6 11-4 — a= — 
- 13 SH iLPy aya) 14 3-4 7-4 41 5-4 10-0 16 3-8 8-6 
14 coe _ — - — — 26 9 10-8 — — —_— 
ts) 5e5 2°4 T1 — — — 16 Ul 12-0 

— = — — 27 Sel 9-6 — — oo 
0 6°4 1-4 5-4 34 eal 9-8 20 6:3 11-6 


s = Standard deviation about median field. 


ow effect of obstacles close to the base site at the shorter 
2S. 

_ (3.4) Measuring-Set Aerial Factor 

e factor H,, associated with the measuring-set aerial, was 
mined and found to vary between 3 and 4:3 dB, depending 
ie method of derivation and type of country, the lower 
s being associated with hilly country. A comparison of 
taneous measurements of the same transmissions by both 
intensity meter and measuring set gives H; = 4-3dB with 
relation coefficient of 0-558 for flat country and 
49 dB with a correlation coefficient of 0-402 for hilly 
try. The degree of association between the paired readings 
t as high as might be expected for two reasonably consistent 
iments measuring the same transmission. This is perhaps 
© surprising, since some of the samples were small and 
VO measuring aerials obviously could not be in exactly the 
Place.* From a comparison of all readings at distances 
sen 1 and 11 miles H, was found to be 4-2dB for flat 
ry and 3-05dB for hilly country. The mean values of 
»3-25 dB for hilly and H, = 4:25dB for fiat country were 
to convert measuring set readings to microvolts per metre. 


S 
_ @.5) Variation of Field Strength with Distance 

| the detailed results of the survey, median field strengths 
ited against distance in Fig. 7. Plotted on the same axes 
culated field-strength curves derived from the approximate 
strength, Ey, over a spherical smooth earth”? adjusted to Ey, 
iedian field strength over irregular terrain at f megacycles 


By 


cond, using the empirical correction presented by Saxton, !> 
7 = 


% Th/(PG) 4rthr 
ae Ey ~ Vt, 
be dan 

he 

the Paired reading samples had been larger it might have been possible to 


ate what might be termed ‘within site’ variation of field strength; this is, of 
included in the distribution of field strength at a given distance.14 


2 volts permetre» . . (1) 


Table 3 


FIELD STRENGTH DISTRIBUTION DATA AT 38 Mc/s 


Instrument Distance Sample size 


E. 


Field-intensity 
meter 


Measuring set 
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mwmmowmwoccdn§9on~ai~) SIO NNN 
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Flat country, 8 ft-rod transmitting aerial. 


Z = [37 — 20 logiof] decibels . . (2) 

It is clear from Fig. 7 that for all practical purposes the slopes 
of the calculated and experimental curves are identical within 
the normal working range of a set having a minimum usable 
signal of approximately 14V/m. In the calculation the gain of 
the 8 ft-rod vehicle-mounted aerial 3:9m above ground has been 
taken as half that of a A/2 dipole. The experimental curve over 
hilly country gives greater median field strength than the cal- 
culated curve. It is also apparent that the average advantage 
of using an elevated aerial in hilly country is less than in flat 
country, the results overall being indistinguishable from those 
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Fig. 7.—Variation of field strength with distance at 59 Mc/s with 
15-watt set. 


(a) Flat country. 
(6) Hilly country. 
Experimental curve. 
—--- Calculated curve. 

x 8ft-rod aerial. 

© Elevated aerial. 


using the vehicle rod. It must be remembered here that the 
samples with the elevated aerial were half the size of those with 
the rod. Generally, calculated curves could be used to estimate 
median field strengths up to ranges where 1V/m is reached 
without appreciable error. Beyond this range the experi- 
mental? !!, 22,23 curves of field strength fall off more rapidly 
than proportional to 1/d?. 


(4) PROBABILITY OF INTERFERENCE 


(4.1) General Case 


It has been shown that the distribution of field onl 
any given distance over a type of country approximates 

normal with a common variance for the type of coun 
spective of range. Consider the probability of interferen 
situation such as depicted in Fig. 1. At B, e, is normally 
buted about é, with standard deviation s;, and e, about é 
standard deviation s,. It can be shown that, if the distrib 
of e, and e, are normal, the distribution of (e, a Py 
normal about a mean value a = (é, — @,) with a varian 


SG Sea Se 


But it has been shown that for a given type of count 
variance may be considered to have a single value; theref: 
flat country, 


SS 

and Sy = Spv/ 2 } 

The probability of interference is given by the chance the 
u= e€; — €y <1 


Since u is normally distributed about @ with a known sia 
deviation s,, for a given type of country, to find the pred 
of u <i, convert (i — #) into units of standard deviation) 


S,, Sprv/2 
for flat country 
ae Tne 
Similarly, X= PEND. 


for hilly country 


The Tables for the normal curve?> give the probability of) 


using the 15-watt set with rod aerials at 59 Mc/s, what ! 
probability of interference? 

From. Table 1, J,:%°3 dB, sie. i =)0-15 sands 
therefore 57/2 = 0-396. 

From Fig. 7, é) = 1-0 and é, = 0-72; therefore é, — é, = 
0:28. 


= Spy 2 


From the Tables of the normal curve?> it is found tha 
X = — 0°33, 62:°93%u>i. Therefore there is about 
probability of interference, or conversely a 63°% char 
non-interference. 

it should be noted that the above method of determini: 
probability of interference assumes no correlation betw. 
and e,. If there is correlation, e.g. if e, increases beca 
ambient conditions, e, is also likely to increase and the 
of interference are reduced. It is thought that any such - 
tions would be insignificant in the presence of the prepon 
influence, namely roughness of terrain. 


= {33} 


(4.2) A Graph for Practical Use 


For practical use a simple graphical presentation is | 
preferred. Eqn. (7) may be written 


— $,X = (4 — i) 


n decibels this becomes 


20S Aue 204 1) 

ae £5 204) And =o) 

yy 

i =(N—J) (8) 


Te 3 N = median field strength from the wanted station minus 
ian field strength from the interferer. 

or various probabilities X is given in the Tables and s, has 
found for flat and hilly country; hence graphs of N — J 
nst various probabilities of non-interference can be plotted 
both types of country (Fig. 8). 
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8.—Probabilities of non-interference expressed as (N — J)dB, 
ie. the difference between wanted station field and the sum of 
interferer’s field and acceptable protection ratio. 


(5) PRACTICAL APPLICATIONS 


(5.1) Estimation of the Probability of Non-Interference 


he probability of non-interference between mobile stations 
now be easily assessed within the range of the experimental 
L. Apart from curves of median field strength against 
ance and probabilities for non-interference against N — J, 
necessary to know the powers, P, aerial gains, G, and pro- 
ion ratios, J, of the sets considered. Since received field 
agth is proportional to P!/?G'/?, allowance for these factors 
be made directly on median field-strength curves. 

he general procedure to estimate the probability of non- 
rference for a situation as in Fig. 1 is 


(a) Determine the difference in decibels between wanted and inter- 
ee station median field strengths from measured or calculated 


S. 
(c) From Fig. 8 read the probability of non-interference corre- 
puding to this value. 


procedure could, of course, be reversed, and starting with 
sired probability of non-interference, the distance acceptable 
yeen stations for this probability of non-interference could be 
nated. 


is 


os mort from this figure the acceptable protection ratio in 


(5.2) Estimated Interference Areas 


ithin the range where observed median field strength varies 
Oximately as 1/d?, probabilities of non-interference estimated 
1 calculated and observed field-strength curves are for all 
tical purposes the same. Thereafter, the probabilities of 
interference based on the observed curves are greater, i.e. 
separation distances for a given probability of non-inter- 
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ference are less when estimated from the observed curves than 
when calculated curves are used. For the 15-watt set with 
8 ft-rod aerial the common-channel separation is 20-5 miles for 
90% probability of non-interference using the observed field- 
strength curve in Fig. 7(a). The corresponding distance using 
the calculated curve is 34 miles. At 34 miles only approximately 
3% of the values of field strength from this set are likely to 
exceed 3dB below the minimum usable signal (m.u.s.) even on 
the basis of the calculated curve, so that this separation distance 
is excessive. If the difference between the ranges to the interferer 
and the wanted station from the receiver for a given probability 
of non-interference is considered, it continually increases with 
range to the wanted station when calculated curves are used. 
However, if measured field-strength curves are used, this differ- 
ence in ranges passes through a maximum when the range to 
the interferer approximates to a distance just beyond the radio 
horizon, as shown at Fig. 9. At this distance median field 


pies ITY OF 
INTERFERENCE 


INTERFERER’S RANGE MINUS LINK 
DISTANCE, MILES 


LINK DISTANCE, MILES 


Fig. 9.—Range differences for given probabilities of 
non-interference. 


from the interferer approximates to the m.u.s.° This maximum 
range difference may be used to estimate interference areas 
beyond the limits of the experimental data. 

In normal practice interference areas should be estimated on 
the assumption that the wanted station may be received on the 
m.u.s. Therefore, in common-channel operation the frequency- 
separation distance is taken as the sum of the maximum difference 
between interfering and wanted station ranges and the range at 
which median field from the interferer reaches the m.u.s. For 
the 15-watt set this maximum range difference can be taken 
direct from Fig. 9. Alternatively, it can be estimated from cal- 
culated field-strength curves by assuming the interferer to be 
at the range to produce the m.u.s. at the receiver. From the 
appropriate value of (NV — J) decibels (Fig. 8) and the protection 
ratio the desired wanted station median field at the receiver can 
be determined and hence the range to the wanted station. For 
the 15-watt set with a rod aerial over flat country the maximum 
range difference for 90% probability of non-interference from the 
calculated curve in Fig. 7(a) is 16 miles (m.u.s. = OdB > 1 wV/m) 
minus 7:4 miles (NV = 13:2dB), i.e. 8-6 miles. The estimated 
frequency-separation distance for common-channel operation 
with at least 90% probability of non-interference is therefore 
16 + 8:6 = 24-6 miles. 

In practice the majority of stations would not be working 
on the m.u.s., and the repetition of frequencies outside the 
estimated common-channel interference area should result in 
virtually interference-free working. The methods outlined can 
be applied similarly to the determination of adjacent-channel- 
interference areas and other problems. 


yap? 


(6) CONCLUSIONS 


The results of the field-strength survey at 59 Mc/s, at ranges 
up to 21 miles, show that the variation of field strength with 
distance is in close agreement with calculation. The analysis 
of the distribution of field strength at a given distance shows 
that it approximates closely to a log-normal distribution, which 
may be considered to have a single value of variance for a given 
type of country, irrespective of range. This distribution function 
was determined from trials where the transmitter siting was 
approximately random, and it includes position errors, set per- 
formance, measuring inaccuracies and ambient conditions, as 
well as the predominent effects of terrain and obstacles. Only 
vertical polarization has been considered, but the results for 
horizontal polarization should be similar. Based on data derived 
from the experimental results, probabilities of interference 
between mobile field radio sets in the v.h.f. band have been 
estimated. 
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RADIO INTERFERENCE FROM IGNITION SYSTEMS 


Comparison of American, German and British Measuring Equipment, Techniques and Limits 


By A. H. BALL, Member, and W. NETHERCOT, M.A., B.Sc., F.Inst.P. 
(The paper was first received 15th July, 1960, and in revised form 11th January, 1961.) 


SUMMARY 


e paper records the results of some tests made in the United 
s to compare results obtained with American, German and 
sh radio-interference measuring sets when measuring the inter- 
ce radiated by the ignition systems of motor vehicles. The tests 
‘the close agreement between the results obtained when using the 
jus national measuring sets and confirm the reliability and con- 
icy of measuring equipment conforming to the specification of 
International Committee on Radio Interference (C.I.S.P.R.). 
‘also attempt to establish a relationship between the results of 
and quasi-peak measurements. 

ie paper also tabulates and discusses the test conditions specified 
e€ various countries and quotes the limits of ignition interference 
mmended or statutory in the countries concerned. A direct 
jarison of these limits, which is made possible by these measure- 
Ss, suggests that the existing and proposed requirements of other 
tries are more onerous than those of the United Kingdom. 


(1) INTRODUCTION 


ae work described in the paper resulted from the discussions 
1¢ 1958 meeting of the International Committee on Radio 
ference (C.I.S.P.R.) at which the United States delegation 
nitted a draft standard for radio interference from motor 
cles which had been prepared by the American Society of 
ymotive Engineers (S.A.E.). This proposed standard set 
is for the radiated interference which appeared to be more 
re than those in the United Kingdom and some of the other 


interference, it was decided to make tests to compare American, 
German and British measuring equipment and techniques. 
These tests were made in the United States in 1959. 


(2) MEASURING EQUIPMENT AND TECHNIQUES 


In the United States, peak values of the interference are 
measured and the S.A.E. draft standard quotes limits in these © 
terms, whereas equipment which conforms to the international 
C.L.S.P.R. specification measures quasi-peak values. The 
C.LS.P.R. has made the recommendation that meters other than 
the quasi-peak type could with advantage be added to measuring 
sets, but has not so far specified the characteristics of these 
meters. The limits in the British and, in general, all European 
standards quote quasi-peak values, although in some cases peak 
values are also given. 

The S.A.E. draft standard recommends two measuring sets as 
suitable for the measurement of ignition interference, type A 
which measures peak values only and type B which measures 
both peak and quasi-peak. 

The German set measures both peak and quasi-peak, but the 
standard British set measures quasi-peak only. An earlier 
version of the German set has been described in an E.R.A. 
report.! 

Two type A and one type B American sets, one German set and 
two British sets were used in the tests. 

The main characteristics of the sets and the conditions of use 
are given in Table 1. 


Table 1 
CHARACTERISTICS OF MEASURING SETS 


Time-constants for : 
quasi-peak : Height Distance 
Set iia ad Bandwidth , Output meter Aerial oF Besial 2 cg Polarization 
F Charge Discharge ground vehicle 
is Mc/s ke/s ms ms 
aerican type A .. | 30-400 100 Peak — — |A/2dipole| 7-Sft 50ft | Horizontal 
lerican type B .. | 30-400 100 Peak and 1 600 A/2 dipole 7-5 ft 50ft Horizontal 
sg quasi-peak } 
rman 30-300 | 120 on quasi- Peak and 1 500 A/2 dipole 3m 10m Corresponding 
E peak quasi-peak (10 ft) (33 ft) to maximum 
oon 150 on peak ; : value 
itish 30-220 100 Quasi-peak 1 500 A/2 dipole «2m 33 ft Vertical 


I 


pean countries, and furthermore the American methods of 
surement and specification of limits were not in accordance 
'C.LS.P.R. practice. 

| order, therefore, to help the C.I.S.P.R. in its aim of 
eving unified methods of measurement and limits for radio 


itten contributions on papers published without being read at meetings are 
d for consideration with a view to publication. cf ; ; 

7 Paper is based on Report Ref. M/T 138 of the British Electrical and Allied 
tries Research Association. 

Ball is with Joseph Lucas (Electrical), Ltd. 
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The S.A.E. draft standard calls for measurements to be made 
from the two sides, front and back of the vehicle but in practice 
this is reduced to one measurement from the nearside. The 
engine is run at a steady speed of about 1000r.p.m., which is 
high enough to cause operation of the generator-regulator unit. 
The aerial is mounted above a radial ground plane which consists 
of eight equally spaced copper wires each 16-5ft long and 
jointed together at a point directly below the centre of the dipole 
aerial. In Germany the measurements are made at the front 
11 
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of the vehicle and in Britain from the nearside. In neither 
country is a ground plane used. The British practice is to 
accelerate the engine slowly through its speed range, the maxi- 
mum value of the interference being recorded. 


(3) TEST PROCEDURE 


The site of the measurements was the Delco-Remy testing 
station, which is a few miles outside Anderson, Indiana, in an 
interference-free area. A number of vehicles of different makes, 
both American and European, were assembled for the tests, 
which were attended by representatives from American car and 
ignition-equipment manufacturers, measuring-set manufacturers 
and the Federal Communications Commission, as well as three 
representatives from Germany and the authors from the United 
Kingdom. 

Comparisons were made on peak and quasi-peak measure- 
ments between the various measuring sets on the horizontally- 
and vertically-polarized components of the fields and at distances 
of 33 and 50ft from vehicle to aerial. Generally the engines 
were run at a steady speed of about 1000r.p.m., but some tests 
were made with the engines rapidly accelerated from low speed. 

A radial ground plane was placed at a convenient point in 
front of the test hut and the various vehicles were positioned 
broadside-on at the appropriate distances. For the whole of the 
tests the aerial was positioned over the ground plane. The cars 
used during the tests ranged from small 4-cylinder to large 
8-cylinder models. 

The measuring sets were also compared on the field radiated 
by a pulse generator, the amplitude and repetition rate of which 
were accurately controlled and maintained constant. 


(4) TEST RESULTS 


For ease of comparison all the values given in this Section are 
in relation to a 100kc/s bandwidth; in the case of the German set, 
where the bandwidth is not 100ke/s, the appropriate bandwidth 
corrections have been made to the readings. 


Table 2 shows the comparison of peak readings for th 
American type A and the type B sets as obtained on a 19 
saloon car fitted with resistive ignition cable. Unfort 
it was not possible to make simultaneous readings wit 


Table 2 


COMPARISON MEASUREMENTS WITH AMERICAN TYPE A 
Type B MEASURING SETS 


Levels in dB above 1 uV/m 


Frequency 


Set 1 


dB 
30 195 20-5 19 

40 14-5 13 1595 
22) 


33995) 


Measurements were made on a 1959 V8 4-door saloon fitted with resistive 
ceplay: Distance of aerial from vehicle, 50ft. Horizontal dipole aerial, 7-5 
ground. 

Sets 1 and 2, American type A. 

Set 3, American type B. 


Table 3 


RATIO OF PEAK TO QUASI-PEAK VALUES AND OF DISTANCE FROM VEHICLE TO AERIAL OF 33 FT TO SOFT AS MEASURED 
ON GERMAN SET 


Levels in dB above 1 uV/m 


33 ft distance 50 ft distance Ratio 33 ft/50 ft 
Frequency 
Peak Quasi-peak Ratio Peak Quasi-peak Ratio Peak Quasi-ji 
Vv H Vv H Vv H Vv H Vv H Vv H V H Vv | | 
Mc/s ra | | 
35 AD) 25. | 95 | 14-5 | 17 | 40:5 | SOcN cemoo ee Tee 11 ae i = 3 oe 
50 407 | "292 | 93; 18 -| 25 38° ll. Dawley , SOs dn ee 2 4 8 a 
70 AD | #26 24-45-10 160.1) ot 38 || Sielie2On |) 12 ds 09 4 5 4 | | 
85 44 | 935%) 2ieohmas) 1720 At | Sagas 12 \as | 20 3 i 4 ane 
100 45. 1| 34 | 94 agg bay 16 39 Woe ie ot EM NG eile © Nets 7 6 3 IP 
150 ama. yc ren i ef AT 133°) “28-19 oes Tey 0 3 
200 50 eS60 ead 180i] 244 38 46 | 44 | 21 199 2595 6. | 12 | 
250 SR NE © AN a) Sa IS ise Al | 44 30") ot eros 9 a a | 
300 AL) 953 (hag nahh ote aioe 43>") gore" 99 Ne ot] haan ate tah 
Mean values... 18-6 | 20-6 18-81) 20:4: |..4-30)- 95-66) sane 


Overall mean value of peak to quasi-peak, 19-6dB 


Overall mean value of ratio of levels at 33 ft to 50 ft, 5-4 dB. 

Measurements made on 1959 V8 saloon, fitted with resistive ignition cable. Height of aerial above ground, 10 ft 
V Vertical polarization. ; ‘ 
H Horizontal polarization. 


» sets, and in fact quite long intervals sometimes occurred 
een the readings of one set and another. The engine was 
at a steady speed of about 1000r.p.m. at no load. This is 
an ideal condition of engine operation, and it was found 
ssary from time to time to give the car a brisk run on the 
in order to clean-up the engine. Although the readings of 
hree sets often agreed, differences of up to 10dB sometimes 
rred and it is possible that some of them were due to irregu- 
es in the interference levels. 

ible 3 shows the results of measurements with the German 
ym the V8 car. Here peak and quasi-peak values were 
tded at distances of 33 and SOft for both vertical and 
zontal polarization. The peak/quasi-peak ratios show 


Table 4 


ATIO OF PEAK TO QUASI-PEAK VALUES AS MEASURED ON 
AMERICAN TYPE B SET 


Levels in dB above 1 uV/m 
Frequency 


i Quasi-peak 


an value of peak/quasi-peak ratio, 18-3 dB. 
asurements made on 1959 V8 saloon, fitted with resistive ignition cable. 
| dipole aerial 7-5ft above ground and 50ft distant from vehicle. 


Hori- 


iderable scatter—again, in the authors’ opinion, largely 
butable to variations in the interference levels, with a mean 
€ of 19:6dB. Similarly, there is a large scatter in the 
es for the ratio of the levels at 33 ft to those at 50ft. The 
ad of results from an apparent gain of 2dB to an attenuation 
3dB with a mean value of 5-4dB attenuation is entirely in 
tdance with the experience of the E.R.A., which is that, 
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although individual determinations are unreliable, a sufficiently 
large number of readings gives a mean value of just under 6dB 
for the attenuation from 33 to 50ft. Up to 150 Mc/s the levels 
for vertical polarization are significantly higher than those for 
horizontal polarization, and British experience as a result of 
thousands of tests is that this is generally true. 

Table 4 shows the comparison between peak and quasi-peak 
levels from the V8 car as recorded by the American type B set 
for horizontal polarization and at the distance of 50ft. Again 
there is a large scatter in the results, but the mean value of 
18-3dB for the peak/quasi-peak ratio is close to the value 
obtained with the German set. 

Results for the two British sets on the V8 car are shown in 
Table 5. Measurements were also made of the horizontally- 
polarized field at 33ft and of both polarizations at 50ft, but 
the levels so obtained were comparable with, or even below, the 
set noise. They were therefore meaningless and so have been 
omitted. The agreement between the two sets is good; the - 
average difference is no more than about 1 dB, and only in two 
cases is there a relatively large difference of 5dB and this was 
probably due to variation in the interference level. 

Comparison measurements on peak and quasi-peak values 
with the American type B, German and British sets were made 


Table 5 
COMPARISON MEASUREMENTS WITH BRITISH MEASURING SETS 


Levels in dB above 1 uV/m 


Frequency 


Set 1 Set 2 


Measurements made on 1959 V8 saloon, fitted with resistive ignition cable. Height 
of vertical dipole aerial above ground, 7:5ft. Distance of aerial from vehicle, 33 ft. 


Table 6 
i PEAK AND QUASI-PEAK MEASUREMENTS ON NEW 6-CYLINDER SALOON CAR FITTED WITH SINGLE 10K Q REsIsTOR IN 
as Cor LEAD 
F Levels in dB above 1 u.V/m 
British : neni 
American type B German Ratio peak to quasi-pea 
Frequency 
No. 1 No. 2 
B Peak Quasi-peak Quasi-peak | Quasi-peak Peak Quasi-peak seh German 
Mc/s dB dB dB dB dB dB dB dB 
hs 70 63-5 34-5 aa03 31-6 50 28-4 19 21-6 
70* 54-4 PH ISA| 27-3 
100 58-3 31-3 29-7 28 51 30-4 Dik 21°4 
150 60 36:3 35 34 60 40-4 24 19-6 
200 62°5 38-5 38 38 62 41-4 24 20:6 


* Levels remeasured 1th after first readings. 
Mean values of peak/quasi-peak ratios, 24-3dB for American type B, 20:8 dB for German. 


Horizontal dipole aerial 8-5ft above ground and 33 ft from vehicle. 
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on a 6-cylinder saloon car fitted with a single 10kQ resistor no further tests with the American type A sets but to us) 
in the coil-distributor lead. The results are given in Table 6, calibrating pulse generator from one of them as a constant sii 
and here again it is seen that the agreement between the various _ of noise. This generator was fed to a doublet aerial which 
sets on both peak and quasi-peak is generally good. The mean positioned 20 ft from the aerial of the measuring set. 
values of the peak/quasi-peak ratio of 24:3 and 20:8dB for the _ results are given in Table 7 and it is seen immediately ho 
American and German sets respectively are reasonably close to agreement between the sets improves with the consistency ¢ 
those previously given. radiated field. The difference in peak readings betwee 
In an effort to remove the inaccuracies caused by the variation American type B and the German set in no case exceeds 0.) 
in the interference levels from the motor cars, comparison which is extremely good when it is remembered that the Amg 
measurements with the American type B, German and British set has a slide-back peak meter whereas in the German Se 
sets were made on the field radiated from a pulse generator, the peak output is assessed visually by comparison with ag 
output of which could be maintained at a constant level. Since brating pulse on the screen of a cathode-ray tube. The 
one of the main objects of the tests was to compare the peak ment between the four sets on quasi-peak measurement Is aj 
and quasi-peak methods of measurement, it was decided to make equally good since the overall variation between them 


Table 7 
COMPARISON MEASUREMENTS WITH STANDARD PULSE NOISE GENERATOR OF AMERICAN TYPE A SET FED INTO AN AERi/! 
| 


Levels in dB above 1 uV/m 


Pulse British 
Frequency repetition American Type B German 


No. 2 


Quasi-peak Quasi-peak Quasi-peak Quasi-peak 


dB dB 
44-1 41-3 
44-6 
45-8 
46-8 


a 
* 
a 
lee] 


AwBON ASO’ BwWaAwWA 
n 
N 
aS 


S566 GAGA KAARKE 
hPL 
HRS 


AnAnAnA COSOO wamc 
mwAIQ ANAA NHAAY 


Wowd AhON wan 


Distance between radiating aerial and aerial of measuring set was 20ft. 


Table 8 
MEASUREMENTS ON A GROUP OF 1958 AND 1959 PRIVATE CARS 


Levels in dB above 1 uV/m 


Frequency American Type B German British Quasi-peak Ratio peak to quasi’ 


Peak Quasi-peak < Quasi-peak 


tee] 


6-cylinder saloon (resistive 


cable) 

V8 saloon (10000 resistor in 
coil lead) 

V8 saloon (resistive cable) 


ESSSSE o 


4-cylinder saloon (10000 re- 
sistor in coil lead) 

4-cylinder saloon (no suppres- 
sion) 

4-cylinder estate car (10000Q 
resistor in coil lead) 


ANALRXABHAN 
Mon own 
Ak PNOCWRUNDRUA 
CNBKBANUA NACAL 


Mean value of peak/quasi-peak ratio, 22 dB for American type B set. 
Mean value of peak/quasi-peak ratio, 21:8 dB for German set. 


Dipole aerial 8-5ft above ground and 33 ft from vehicle. Horizontal and veriical components of the field measured on the British set. Horizontal only on othe 
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e than about 2dB. In this connection it is interesting to 
» that, although the two British sets are about seven years 
their stability is such that very little divergence from the 
inal calibrations has taken place. 

able 8 shows the results of measurements with the four sets 
a number of cars fitted with various types of suppression. 
h one or two exceptions, probably due to irregularities in the 
rference levels, the agreement between the sets is satis- 
orily close. There appeared to be no significant change in 
peak/quasi-peak ratio with the type of vehicle; the mean 
les were 22 dB for the American and 21-8 dB for the German 


he overall means of all the peak/quasi-peak ratios given in 
les 3, 4, 6 and 8 are 20°4dB for the German and 21-6 dB for 
American set. These are also in close agreement. The 
st of rapidly accelerating the engines of the cars from low 
sd was not very marked; sometimes there was no change and 
10 case did the level of interference increase by more than 
ut 2dB over that produced by the steady running at 
Or.p.m. 


(5) DISCUSSION OF RESULTS 


he most important result of the Anderson tests was the 
eness and consistency of the agreement between the American, 
man and British sets. Prior to these tests the opinion had 
M expressed in some quarters that the quasi-peak method 
measurement could not be expected to be as consistent and 
able as the peak method, but the tests have completely dis- 
ved this. The sets in general agreed with each other to 
un 2 or 3dB, and where differences appreciably greater 
urred they were in all probability due to changes in the inter- 
nce level between one measurement and the next. 

is to the correlation between measurements at 33 and 50ft, 
can be achieved without great error by assuming a 6dB 
rease in level as the distance of aerial to vehicle is increased 
n 33 to 50ft. Probably the exact figure is rather less than 
3; amore accurate value would emerge if more measurements 
e made. Although no tests were made with the specific 
ntion of investigating the effect of aerial height above ground, 
impression, which is reinforced by previous experience, is 
t differences in the range 7-10 ft have insignificant effect on the 
tference levels recorded. This should therefore present no 
at difficulty when seeking international agreement on methods 
neasurement. 

he problem of polarization, however, is not so simple. 
ce the television transmissions in the United Kingdom are 
nly vertically polarized, the vertical component of the inter- 
nce field is measured, whereas in the United States, with its 
izontally-polarized transmissions, only the horizontal com- 
ent is measured. Unfortunately there is no simple correla- 
1 between the horizontal and vertical components of the 
tion radiation as the relation between them is a complex and 
redictable function of frequency. In the authors’ experience 
vertical component is usually the greater, at least up to 
id III frequencies. 

om the international aspect it may therefore be necessary to 
sure both the vertical and the horizontal components of the 
1 as is the current practice in Germany. 

he value of the peak/quasi-peak ratio of about 21 dB is not 
easonable on theoretical grounds and, moreover, is in close 
sement with that obtained previously by the E.R.A. from tests 
vehicles with the British set and an earlier version of the 
erican type B set. However, the opinion has been expressed 
Correlation between peak and quasi-peak measurements in 
tion to engine speed is not possible since the two meters 
ond differently as the speed changes. 
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For instance, measurements in the United States are made at 
engine speeds in the region of 1000r.p.m. where the peak 
reading is at a maximum, whilst in the United Kingdom the 
engine is slowly taken through its speed range. It is argued that, 
as the quasi-peak reading is proportional to the product of peak 
value and repetition rate, the British method of recording the 
interference will produce a level which is constantly increasing 
with engine speed and hence correlation is impossible. The pro- 
portionality of the product of peak value and repetition rate holds 
for defined pulses such as are given by pulse-generator calibrators, 
but the ignition pulse is much more complicated since multiple 
sparking, variation of sparking-plug voltage between cylinders in 
multi-cylinder engines and change in sparking voltage with 
engine speed have to be taken into account. Because of the 
ignition-advance characteristics there is a compensating factor 
in that as the engine speed rises the sparking voltage falls and so 
the quasi-peak reading does not increase proportionally with 
engine speed. In fact, the results of over 1000 measurements 
made by the British Post Office? on eight vehicles, each sup- 
pressed in several ways, show very little change in the quasi-peak 
value as the engine speeds change from about 1000r.p.m. to 
maximum speed. The average increase is not more than 3dB 
and is appreciably smaller from 1 500r.p.m. to maximum speed. 

These results, together with those of the Anderson tests, 
suggest that for practical purposes the ratio of peak to quasi-peak 
measurements at a steady engine speed of about 1 000r.p.m. can 
be taken as 20-21 dB. 

The S.A.E. draft standard requires the use of a ground plane, 
and, as mentioned earlier, all the tests at Anderson were made 
with one, but it is not used in Germany and the United Kingdom. 
It would be interesting to have information on its possible effect 
since tests made in the United Kingdom have so far failed to 
detect any change with a ground plane of the type specified in the 
S.A.E. draft standard.* 


(6) LIMITS 


The problem of obtaining internationally agreed limits is 
difficult since the conditions of broadcasting and telecommuni- 
cation can vary so much from one country to another. This is 
a matter for the C.I.S.P.R. Working Group on Ignition Inter- 
ference, and any detailed discussion on it is outside the scope of 
this paper, which is primarily concerned with the comparison 
and correlation of the methods of measurement in the United 
States, Germany and the United Kingdom. Nevertheless, it is 
instructive to compare the various national regulations and 
standards which are already in force or are to be introduced 
shortly, and Fig. 1 shows the limits referred to a quasi-peak 
measurement on a 100kc/s bandwidth set with the aerial 33 ft 
from the vehicle (peak/quasi-peak ratio 20dB, 33/50ft ratio 
6dB), for the United States, Germany, the United Kingdom, 
Belgium, the Netherlands and France. The French regulations 
require the receiving aerial to be 10m above ground and so it is 
difficult to make an exact comparison of them with those of the 
other countries but they are included for the sake of completeness, 

It is apparent that the British requirements, both as regards 
actual levels and the frequency ranges over which they apply, 
are less onerous than most of the others, even allowing for the 
difference between the vertical and horizontal components of 
the field. The authors’ opinion is that, even with elaborate 
forms of resistive suppression, it will be very difficult to secure 
100% compliance with most of the foreign requirements. In 
the United Kingdom the adoption of suppression measures more 


* Since this paper was written further measurements have been made, both here 
and abroad, of the peak/quasi-peak ratio and the effect of the ground plane. In all 
cases the effect of the ground plane was found to be negligible. Measurements by the 
authors on about 40 vehicles at an engine speed of 1000r.p.m. gave a mean value 
of 19:3dB for the peak/quasi-peak ratio with a range of 15-24 dB. 
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Fig. 1—Comparison of field-strength limits. 


Limits are referred to quasi-peak values, 100kc/s bandwidth and 33ft distance 
between vehicle and aerial. 


elaborate than the use of 1 + 7 resistors, where n is the number 
of cylinders, or the equivalent in resistive cable would be regarded 
as unnecessary, both technically and economically, and with this 
form of suppression it is unlikely that a limit of 100 1V/m would 
be reached in all cases. 

Another question is, how should the limits be applied to motor 
vehicles which are in large-scale production? In the United 


Kingdom a statistical approach is considered essential and| 
for compliance with the regulations are based on a sam} 
procedure, but this problem has so far received little attentiq 
other countries. 


(7) CONCLUSIONS 


Measurements of ignition interference can be made } 
equal accuracy in the United States, Germany and the U: 
Kingdom, and the reliability and consistency of meas ‘ 
equipment conforming to the C.I.S.P.R. international spec: 
tion have been confirmed. 

In the opinion of the authors the possibility of correlating ¢ 
and quasi-peak measurements has been established. 

The existing and proposed requirements of other cou i 
for the control of ignition interference are more onerous j 
those in the United Kingdom, and 100% compliance with 
by resistive suppression will be difficult and in some cases! 
even be impossible. 
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B.B.C. SOUND BROADCASTING 1939-60 


A Review of Progress 


By E. L. E. PAWLEY, O.B.E., M.Sc.(Eng.), Member. 


(1) INTRODUCTION 


1938, Sir Noel Ashbridge, in presenting a review of broad- 
ng and television to The Institution,! was able to summarize 
teady and uninterrupted progress of broadcasting since the 
‘days. The period that followed was a momentous one in 
d history and brought with it important changes in broad- 
ng throughout the world. 

le present review deals mainly with progress made by the 
C. in sound broadcasting during the years 1939-60 inclusive, 
yugh reference has been made where appropriate to other 
yr developments in this field both at home and abroad. 

1e development of television will be reviewed in a companion 
a. 


(2) DEVELOPMENT OF B.B.C. SERVICES 


y¢ period under review started when the fear of another 
d war was uppermost in people’s minds and when the 
urces of broadcasting had already begun to be used in 
nany for influencing the minds and thoughts of listeners in 
t countries. The inevitable result was that those countries, 
iding the United Kingdom, were forced to combat. this 
yaganda by the extended use of broadcasting to present the 
1 as objectively and as effectively as possible. The B.B.C. 
ed in January, 1938, the first of its foreign-language services 
essed to listeners abroad, in Arabic. The scope and volume 
lese services were greatly expanded soon after the outbreak 
ar; there was also a big expansion in the short-wave services 
ressed to English-speaking audiences. The pattern of home 
ideasting was also radically changed during war time. The 
time engineering activities of the B.B.C. have already been 
subject of a paper presented to The Institution”; the develop- 
t of the broadcasting service in this country was also the 
ect of the Inaugural Addresses by Sir Noel Ashbridge,* 
ident of The Institution in 1941 and by Sir Harold Bishop,* 
ident of The Institution in 1953 (see also References 5 


L 1939, prior to the war, the B.B.C. offered to listeners at 
Ie two alternative programmes, then known as the National 

<egional programmes, for a total of 202 hours per week. 
the outbreak of war, a single programme was introduced and 
transmitting stations were divided into two groups, one 
ring the South of England and South Wales and the other 
North of England and Wales, Scotland and Northern Ireland. 
transmitters in each group were synchronized on one wave- 
th as part of a plan to prevent their use by enemy aircraft 
lavigational purposes, and high-accuracy crystal drive equip- 
t was developed in order that close synchronization could 
haintained without the use of line links. As the war pro- 
sed the service was improved by the building of additional 
ips of synchronized stations, one of which consisted of 
rfansmitters mostly of 100 or 250W, all operating on the 
> Wavelength and installed in large towns throughout the 


Mr. Pawley is with the British Broadcasting Corporation. 


country. The number of transmitters reached its peak at the 
end of 1943, by which time two programmes, the Home Service 
and the Forces Programme, were in operation. There was then 
a total of 25 transmitters with an aggregate power of 800kW, 
in addition to the 60 low-power transmitters mentioned above. 

There were also six medium-wave transmitters broadcasting . 
the B.B.C. European Service with a total power of 1280kW, 
including a new transmitter with a power of 400kW which had 
been installed at Droitwich. In 1943, also, the B.B.C. completed 
another station capable of an output to the aerial of 800kW at 
Ottringham, near Hull. At this station, four 200kW trans- 
mitters were installed together with combining circuits, enabling 
them to be operated in parallel. It was decided to use three of 
them in parallel for the European Service, giving an output of 
600 kW on a wavelength of 1 200m; the fourth transmitter was 
used in the main North of England Home Service group. 

Even greater expansion took place in the short-wave stations. 
At the outbreak of war, the B.B.C. had a single short-wave 
transmitting station at Daventry. This contained the two 
original low-power transmitters with which the Empire Service 
was started in 1932, the experimental low-power transmitter 
G5SW which had been transferred from Chelmsford, and three 
high-power transmitters. During the war a further five high- 
power transmitters were installed at Daventry and three further 
short-wave stations were built at Rampisham in Dorset, Skelton 
in Cumberland, and Woofferton in Shropshire. These contained 
an additional 22 high-power transmitters, six of them equipped 
with two entirely separate r.f. channels, each of which could be 
set up on a separate wavelength and operated independently. 
A further three high-power short-wave transmitters were 
provided at existing medium-wave stations, one of them by 
modifying a medium-wave transmitter not required during the 
war for its normal purpose. 

A very big programme of aerial design and construction, 
including supporting masts and feeders was undertaken, and 
outdoor feeder switching towers were designed for the rapid 
connection of a transmitter to one of a number of aerials. 

Some 150 war-time studios spread over the country were 
brought into service. There was a big increase in the use of 
recording because of the difficulty in assembling artists at certain 
times, particularly during air raids, and because of the need to 
repeat programmes in the Overseas Services. Entirely new disc 
recording and reproducing equipment was designed, including 
a portable disc recorder for the use of correspondents in the 
field. At the request of the Government, a monitoring service 
was set up which listened to broadcasts from all parts of the 
world. 

When the post-war pattern of broadcasting was introduced in 
July, 1945, there were again two alternative programmes, the 
Home Service (with its regional variants) and the Light Pro- 
gramme. The Third Programme was added in September, 1946, 
and Network Three, using the same technical facilities at a 
different time of the day, in September, 1957. At the end of 
1959 there was a total of 288 hours of sound broadcasting each 
week for listeners at home. 
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The coverage of these programmes on the long and medium 

wavelengths in percentages of the total population is as follows: 

Home Service: 93%. 

Light Programme: 99%. 

Third Programme and Network Three: 69%. 
These figures refer to night-time reception and indicate the per- 
centage of the population of the United Kingdom that can 
expect to obtain reception substantially free from fading. 
They do not take into account foreign interference, which 
seriously reduces the coverage at night, particularly of the Home 
Service. To combat this interference and extend the coverage 
as far as was practicable, 12 additional low-power medium- 
wave transmitting stations were built and brought into service 
during the years 1951-54. 

It had long been foreseen by the B.B.C. that increasing con- 
gestion in the medium- and long-wave bands would cause 
reception conditions to deteriorate and would limit the total 
coverage obtainable. Towards the end of the war, therefore, 
the B.B.C. decided to carry out field trials of a system of broad- 
casting on ultra-short wavelengths using wide-band frequency 
modulation. The use of such a system had, in fact, been 
envisaged before the war. Frequency modulation was not new— 
in fact, a patent had been taken out in 1902—but it was not 
until Major Edwin Armstrong in America pointed out in 1936 
the importance of wide-band frequency modulation on ultra- 
short wavelengths, using a noise-suppressing limiter in the 
receiver, that the possibilities of this system for broadcasting 
were realized. 

The B.B.C. field trials began in June, 1945. Two 1kW f.m. 
transmitters operating in the 45 Mc/s band were built in the 
B.B.C. Research Department, and one was installed at Alexandra 
Palace and the other near Oxford. The latter transmitter was 
later moved to Moorside Edge (near Huddersfield) to gain 
experience of reception in hilly country. The Alexandra. Palace 
transmitter radiated the Home Service programme during the 
evening on 46-:3Mc/s and the same programme was radiated 
simultaneously by the Alexandra Palace television sound trans- 
mitter on 41-5Mc/s, using amplitude modulation, for com- 
parison purposes. Subsequently, tests were carried out from 
Alexandra Palace on 90:3 Mc/s, again using frequency modu- 
lation, as it seemed likely that a higher frequency band would 
be allotted to fm. broadcasting if it were introduced in this 
country. 

The results of these tests were so promising’ that the B.B.C. 
decided to build a high-power transmitting station so that a 
full-scale field survey could be carried out which would indicate 
the coverage and grade of service to be expected and resolve 
the controversial ‘a.m. versus f.m.’ question. 

In a broadcasting system, it is particularly important to keep 
the cost of the listener’s receiver as low as possible. Bearing 
this in mind, only three systems merit consideration: 

Conventional amplitude modulation (a.m.) as used in medium- 
and long-wave broadcasting. 

Amplitude modulation with a noise limiter incorporated in a 
wide-band receiver (a.m.l.) (for the majority of the tests the band- 
width of the receiver was the same as that of the f.m. receiver, i.e. 
+75kc/s). 

Frequency modulation (f.m.). 

The experimental transmitting station was built at Wrotham, 
Kent, and the tests began in July, 1950. A comprehensive 
series of field-strength measurements was made on these trans- 
missions in order to check theoretical computations, following 
which a listening survey was carried out with the assitance of 
listeners provided mainly with specially designed v.h.f. receivers 
capable of receiving a.m., a.m.]., and f.m. transmissions. 

The results of these tests clearly demonstrated the advantages 
of using frequency modulation.’ The B.B.C. therefore prepared 
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a plan for a v.h.f. f.m. broadcasting service to cover the ‘i 
part of the United Kingdom on the basis of three progr 
(Home, Light and Third) for each service area. For ¢ 
areas this entailed some considerable overlapping becav) 
the need to provide regional programmes appropriate 4 
areas concerned. 
The B.B.C. plan was submitted to the Postmaster Gener 
approval and referred by him to the Television Advisory 
mittee. The Committee in its report? on this subject r 
mended the adoption of frequency modulation for a 
sound-broadcasting service in this country. The Postti 
General subsequently gave his approval and the B.B.C. beg 
implement its plan. The Wrotham station was brought inj 
programme service in May, 1955, using v.h.f. fm. transm 
The primary object of introducing the v.h.f. service 
combat foreign interference and to extend the coverage 
B.B.C.’s three domestic programmes to areas where ree) 
from the medium-wave and long-wave stations was ui 
factory. Other important advantages of this system 2 
comparative freedom from most kinds of interference »m 
improved quality of reproduction obtainable. At press: 
B.B.C. has in operation 20 v.h.f. transmitting stations si 
coverage of more than 97% of the population.!9 # 
stations under construction or planned will increase the coq 
to more than 98% (see Appendix 24.3). 
The majority of these stations radiate the three hora: 
grammes; the first four-programme station was oper 
Sandale in Cumberland in August, 1958, radiating the 
of England and Scottish Home Services as well as the Lig: 
Third Programmes. Another 4-programme station of s/f 
power is in operation at Wenvoe, near Cardiff. 
Following earlier experiments, the B.B.C. began in Cd 
1958, a series of experimental stereophonic transmissions. 
are broadcast on: alternate Saturday mornings, using th’ 
work Three transmitters (v.h.f. and medium-wave) for ttf 
hand channel and the television sound transmitters ff 
right-hand channel. These transmissions were arrangi 
meet the widespread public interest in the better-quality /f 
duction of sound and in the potentialities of sterecot 
broadcasting. The B.B.C. is actively investigating pgl 
systems which would enable stereophonic programmes § 
broadcast satisfactorily from a single v.h.f. transmitter 
unduly impairing ordinary monophonic reception.!! A’ 
vention on Stereophonic Sound Recording, Reproducticil 
Broadcasting was held by The Institution in March, 1959 


(3) PROBLEM OF FREQUENCIES 

The last 20 years have seen an enormous increase in 1 
of radio frequencies for broadcasting purposes. In 19% 
medium-wave broadcasting bands were already becoming) 
crowded. Since then the use of these frequencies for | 
casting has still further increased, both in the number andd 
of transmitters used. H.F. broadcasting has developeci 
mously, while the v.h.f. band that was just coming into - 
television in 1939 is now extensively used all over the won| 
addition, v.h.f. sound broadcasting—virtually non-exiss, 
1939—now occupies an important place in the frequenoll 
cation tables.'? Frequencies in the upper ranges of the 
band, for which virtually no valves or equipment were avi 
in 1939, are now in widespread use for broadcasting; the! 
band is now also used for television transmission in the | 
States (and in Germany and Italy), and its use in the 
Kingdom is under consideration. To meet the requiremy 
broadcasting some increase was made in the space all 
for it in the Atlantic City Plan of 1947 and some slight | 
increase at the Geneva Conference in 1959. 
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nultaneously with this great increase in the demands for 
encies, there has been a considerable widening of know- 
of the properties of some of the frequency bands and their 
bility for various types of service. The propagation 
erties of some frequency bands have been found by 
‘jence to be substantially different from what had been 
ght in 1939. This has affected broadcasting both directly 
indirectly. The service range of high-power television 
ms has proved greater than was expected, and the effect 
egularities in the terrain has affected the higher frequencies 
e v.h.f. band less than was thought likely. On the other 
, mterference from distant v.h.f. stations is more severe 
had been expected and the development of ionospheric 
er services in the v.h.f. band and tropospheric scatter 
ces in the u.h.f. bands has introduced a new source of 
ference with broadcasting services. In f.m. reception, the 
red signals caused by multi-path propagation result in 
anted amplitude and phase modulation of the primary 
i and consequent distortion of the programme output of 
receiver. Experimental work carried out by the B.B.C. 
yed that a receiver which provides inadequate a.m. sup- 
sion is much more prone to this type of distortion and that 
listortion could be greatly reduced by suitable circuit design 
out adding appreciably to the complexity and cost of the 
ver. The results of this work were communicated to the 
> industry, and details of an f.m. receiver of B.B.C. design 
| published. !4 

ork carried out all over the world has improved the know- 
¢ of the propagation properties of the various bands of 
yencies over land and water, and of ionospheric reflection 
tropospheric refraction; these studies have led to an increase 
he accuracy of prediction of circuit conditions, and the 
I.R. has established acceptable curves for most of these 
litions. 

fethods of conserving the frequency spectrum,!> including 
application of information theory to the problem, have 
ived considerable attention. Means have not been found 
applying them so much to broadcasting as to other services, 
sly because broadcasting differs from other radio services 
lat the transmitting and receiving installations are not under 
mon control. While single-sideband transmission is general 
ther communication services, it has not yet been possible to 
y it generally to sound broadcasting services because of 
complexity of the receiver. Vestigial sideband transmission 
however, been partially applied to television signals with 
Tesult that, whereas 405-line television in this country 
‘red a 7 Mc/s channel before the war, it is now satisfactorily 
mmodated in a 5Mc/s channel. 

nprovements to valves for receivers and for transmitting 
pment have enabled greater use to be made of the higher 
uencies, thus tending to relieve the load on the more heavily 
yested lower frequencies. A case in point is that for long 
ods short-wave broadcasting services are now carried out on 
uencies as high as 26 Mc/s, whereas in 1939 very little use 
made of frequencies higher than 17 Mc/s and none at all of 
uencies higher than 21 Mc/s. 

nproved use of frequencies has also come from improvement 
€ceivers and in the use of space-diversity and frequency- 
rsity reception for relaying broadcast programmes. 


(4) FREQUENCY PLANNING 
he arranging of inter-governmental conferences on the 
id allocation of the radio-frequency spectrum among the 
OUS services is the responsibility of the International Tele- 
munication Union, now a specialized agency of the United 
ions Organization. The task of the I.T.U. is one of ever- 
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increasing difficulty and complexity owing to the continual 
increase in the number and power of radio-frequency trans- 
missions. The frequency-band allocations currently in force 
were part of the Radio Regulations agreed at a Conference at 
Atlantic City in 1947.!© The range of frequencies then allocated 
was from 10kc/s to 10Gc/s. A revision of this allocation 
table was made at Geneva in 1959—the new agreement being 
operative from May, 1961—in which the range of frequencies 
has been extended to 40Gc/s. The bands allocated to sound 
broadcasting and applicable to the United Kingdom, which do 
not differ greatly from those allocated at Atlantic City, are given 
in Table 1. 


Table 1 
Frequency 
Band Range Remarks 
Long-wave 150-285 kc/s One HONS: (200kc/s) available 


(2000-1053 m) to B.B 


§25-1605kc/s 12 meen for Home, Light and 

(57J-187 m) Third Programmes and two for 
European Services, plus two inter- 
national common frequencies, of 
which one is at present in use. 


3950-4000kc/s (75 m band) 126 frequencies are 
5950-6 200kc/s (49 m band) registered for use 
7100-7 300kc/s (41 m band) by the B.B.C. Over- 
9500-9775 kc/s (31 m band) seas and European 

11700-11975 kc/s (25 m band) Services. 

15 100-15 450kc/s (19 m band) 

17700-17 900kc/s (16 m band) 

21 450-21 750kc/s (13 m band) 

25 600-26 100kc/s (11 m band) 


Band II (V.H.F.) 87-5-100 Mc/s 40 frequencies at present mainly 
restricted to 88-95 Mc/s, used for 
B.B.C. Sound Services. 


Medium-wave 


Short-wave 


The assignment of frequencies within the broadcasting bands 
to individual stations has been confided to special conferences 
sponsored by the I.T.U. A Short-Wave Broadcasting Con- 
ference was held at Mexico City in 1948, when draft plans for 
one season of a sunspot cycle were prepared. The Conference 
continued in Florence, and later in Rapallo, but no agreement 
could be reached because the broadcasting requirements sub- 
mitted for other periods of the sunspot cycle could not be fitted 
into the frequency bands available. A considerable amount of 
short-wave broadcasting outside the allocated bands followed 
this failure to prepare acceptable plans. For some years prior 
to the 1959 Geneva Conference special efforts were made to 
find in-band frequencies for those broadcasting stations working 
out-of-band. Some progress was made, but the problem still 
remains. 

One important step taken at Atlantic City was the setting up 
of the International Frequency Registration Board—a panel 
of 11 experienced radio engineers. Its main task is to draw up 
and maintain an international list showing all frequency usage 
throughout the sunspot cycle. While possessing no mandatory 
powers, the I.F.R.B. makes a technical study of all frequencies 
submitted for inclusion in the list and can warn and advise 
administrations about interference likely to result from the 
introduction of new or changed services. At the Geneva Con- 
ference this Board was given the extra task of studying the 
short-wave schedules of every broadcasting organization in the 
world for each season, and advising all the countries concerned 
how best to avoid mutual interference so as to make the best 
use of the broadcasting bands available. This ‘frequency 
management procedure’ may help to lessen the need for the 
continued use of out-of-band frequencies. 

The allocation of long-wave and medium-wave channels to 
individual stations in the European region was undertaken by 
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the Conference at Montreux in 1939, following the International 
Radio Conference of the I.T.U. held at Cairo in 1938. The 
Montreux Plan was never put into effect because of the war, 
and most countries in Europe continued to operate during the 
war years in broad accordance with the Lucerne Plan of 1933. 
After the war there was growing congestion in these wavebands 
because the increased importance of broadcasting in the social 
and political life of European peoples had resulted in the 
appearance of many new broadcasting stations. Furthermore, 
technical developments had made possible the use of transmitters 
of higher power. A new plan was therefore evolved at Copen- 
hagen in 1948, which came into force in March, 1950.44 In 
accordance with this plan, the B.B.C. uses one long wavelength 
and 12 medium wavelengths (plus one international common 
frequency) for its home services and two wavelengths for its 
services to Europe. This plan partially succeeded for a time in 
arresting further deterioration, but a great deal of mutual inter- 
ference between stations in different countries has since deve- 
loped, mainly because the plan was not adhered to by all 
European countries and indeed was not accepted by several of 
them, including the occupying powers in Germany. As a 
result of these and other difficulties the number of stations using 
these bands had increased from some 520 provided for in the 
plan to about 1000 in 1959. Moreover, deliberate jamming 
was introduced by certain countries in these bands as well as 
in the short wavebands, and this still persists. A serious degree 
of interference has therefore developed after dark, especially in 
winter, and this has been the main factor leading to the rapid 
development of sound broadcasting on very high frequencies in 
certain countries, notably Germany and Italy, as well as the 
United Kingdom. 

A realization of the importance of planning the v.h.f. broad- 
casting bands while development in many European countries 
was at an early stage led to the convening of a European 
Regional Conference at Stockholm in May and June, 1952. 
Some 30 European countries were represented at the Con- 
ference, many of whom had at that time no immediate plans 
for developing television or v.h.f. sound broadcasting services, 
but who wished to see possible future services catered for in an 
agreed European plan. 

The Conference*’ produced plans for the use of v.h.f. Bands I, 
IJ and UI, and, realizing that these plans could not be too rigid 
owing to the uncertainty of future developments in most of the 
countries represented, suggested that a further Conference be 
held in 1957. (This Conference will be held in 1961.) 


(5) TRANSMITTING STATIONS 


The following are among the most important developments in 
the design of transmitting stations: 


(a) The trend towards higher power and increased hours of 
transmission emphasized the economic importance of achieving 
higher efficiency, particularly in the modulation process. 
After pre-war trials with the Chireix and Doherty systems, 
and more recently with the ampli-phase system, class-B 
modulation remains in general use for a.m. transmitters. 
For f.m. transmitters the efficiency of the modulation stage 
is less important; this stage does not consume much power 
because modulation is applied directly to the r.f. drive. The 
a.c./d.c. conversion efficiency of r.f. stages has been increased 
also. 

(6) The need for rotating machinery has been greatly 
reduced by the use of mercury-arc rectifiers instead of motor- 
generators for the h.t. supply, by evaporative cooling of valves 
and by the use of alternating in place of direct current for 
cathode heating. The application and control of these supply 
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voltages has been made automatic, and this has facil) 
unattended operation. Be 
(c) The use of thoriated filaments in transmitting » 
has resulted in increased efficiency and more compact ¢ 
ment. 
(d) Increased use of air-cooled, instead of water-c 
valves and more recently of evaporative cooling has fi 
reduced the size of equipment for a given power ani 
further improved reliability and efficiency. 
(ce) Improvements in the design of anti-fading mast rad 
for medium wavelengths. | 
(f) The development of v.h.f. aerials (including slot ag 
which give a substantial gain in the horizontal plane ani 
also have a directional radiation pattern; these aeria/ 
usually carried on the same masts as television aerials. 
(g) The design of combining circuits for v.h.f. sth 
permitting three or four sound programmes to be radiat 
the same aerial and incorporating filters to reduce rf. 
modulation products. 


(5.1) The Development of High-Power Transmitters 

Prior to 1934 the majority of the high-power transmit 
use had an output power of about 60kW, and their ¢ 
efficiency was no more than 20%. These transmitters 
the low-power modulated type. By 1937, high-power ¢ 
modulation was coming into general use, and new transi 
were operating with an output power of about 100kW | 
efficiency of these transmitters was somewhat better, be 
30% and 40%. In 1954 high-power transmitters of 150k¥ 
put using air-cooled valves with thoriated filaments were con» 
and efficiencies of some 40-50% were realized. Some fi 
mitters of higher power than this are used for broades 
particularly in the long-wave band where the greater non-. 
range makes this worth while. The Light Programme % 
mitter at Droitwich, for example, has an output of 400k¥\ 
the long-wave Allouis (France) and Moscow transm 
500kW. During the war, the B.B.C. installed an 800k 
wave transmitter consisting of four 200kW units, two, th 
four of which could be operated in parallel as desired.\// 
present, the Voice of America medium-wave transmiti 
Munich is operating with a power of 1000kW. 

The trend in transmitter design is well exemplified | 
Third Programme and Network Three transmitter at Daw 
which was brought into service in April, 1951. This trans 
is built in two halves, each capable of an output power of 10 
These are normally operated together at somewhat below 
maximum rating to give an output of 150kW, the max 
permitted in the Copenhagen Plan. The combining circu! 
so arranged that, if a fault develops in one half of the trans 
the programme continues without interruption, tho 
reduced power, using the other half. In this transmitt: 
cooled valves are used throughout, a new departure in a_ 
transmitter of this power. Another feature of this transi 
is that all the valve filaments are heated by alternating ct 
so that there is no rotating machinery, other than air-bi) 
associated with it. A third feature of particular interest ‘I 
the transmitter is designed so that it can be operated f 
remote point and is, in fact, so operated from the shor# 
transmitter building on another part of the site. High-l 
class-B modulation is used, and an overall efficiency of 
45% is obtained. 

Considerable reduction in the dimensions of transmitt# 
a given output power has been achieved by the use of air-: 
valves and through the saving of components which follo« 
adoption of single-ended circuits using the inverted-aml 
technique. 


| = of high-power short-wave transmitters recently 
red by the B.B.C. use evaporation-cooled valves—an old 
which has become practicable with the development of 
ble valves and sub-units. In this system, the heat generated 
1e valves is transferred to water jackets surrounding them, 
the resultant steam is taken by convection to a condenser, 
converts it once more to water for return to the water 
ats. The heat recovered by the condenser may be used for 
ling heating or to provide domestic hot water. 
ae use of high-power class-B modulators and high-power 
-Cr.f. amplifiers can make a large reduction in power costs 
a station compared with a similar installation using low- 
t class-A modulators and high-power Class-B r.f. amplifiers. 
example, at a large short-wave station with a total trans- 
i Output power of some 1 500kW the saving can amount to 
000 per annum, or about 25% of the total running cost. 
her economy has been achieved at high-power stations by 
use of mercury-arc rectifiers for the h.t. supply in place of 
ting machines, which results in a gain in efficiency of 
e2%. 
emote or automatic control of low-power transmitters and 
stem of automatic monitoring are now in widespread use as 
eans of economizing in technical staff.!*2° At the end of 
), 28 transmitting stations were operated in this manner by 
B.B.C. Unattended operation of high-power v.h.f. trans- 
ers has also been introduced at combined v.h.f. and television 
ions. 


(5.2) Aerial Systems 


he shortage of frequency channels remains the greatest 
tacle to the provision of a nation-wide broadcasting service, 
it is therefore of the utmost importance that the maximum 
poe be made of the frequencies allocated. The coverage 

-power medium-wave transmitters has been extended by 
eo. more efficient anti-fading aerials, the latest of which 
he centre-fed mast radiator.*! Top-capacitance loading, 
“sectionalized masts which enable a loading inductance to 
nserted between sections, are common means of adjusting 
electrical properties of a mast radiator and thus influencing 
miti-fading characteristics. 
irectional aerial systems for medium wavelengths are now 
ely used in the United Kingdom either to increase the field- 
ngth i in a particular direction or to reduce it in the direction 
another transmitter sharing the same channel. Complex 
al systems are much used for the latter purpose in the United 
€8, while at a station in Germany erected just before the 
tO give a strong signal in the United Kingdom for propa- 
da purposes, an aerial system comprising eight masts each 
roximately 394 ft high and two other masts each 492ft high 
used. An elaborate aerial system is also used by Radio 
embourg, This increases the signal strength in this country, 
‘consists of three vertical radiators each electrically some- 
t longer than half a wavelength and suitably phased to 
duce a gain of 6dB over that of a half-wave vertical aerial, 
he tequired direction. 

synchronization of the carrier frequencies of broadcasting 
smitters in the United Kingdom has been developed to a 
i degree of precision, and the B.B.C. now operates 55 
ium-frequency transmitters in 11 synchronized groups. The 
of synchronization has led to increased coverage being 

d with the limited number of medium-frequency channels 
cated to this country under the Copenhagen Plan of 1948. 

(5.3) Transmitter Drive Equipment 


he use of medium-frequency transmitter synchronization 
necessitated the development of transmitter drive equipment 


4q 
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capable of meeting a much closer frequency tolerance than is 
required by the current international Radio Regulations for 
broadcasting transmitters. It has also been necessary to develop 
frequency comparison equipment to permit a high precision of 
carrier-frequency identity to be maintained. For medium- 
frequency transmitter synchronization purposes the B.B.C. 
maintains a carrier-frequency stability and accuracy of 
+0:025c/s, which results in the field-strength variations of the 
received signal being comparable with the variations due to 
medium-wave fading during the hours of darkness. 

The B.B.C. Light Programme transmission on 200kc/s is 
maintained to a higher degree of precision, namely +1 part in 
108, in view of its use in this country and in Europe by a large 
number of organizations and manufacturers for frequency 
standardization purposes. For example, in the German Federal 
Republic the Sudwestfunk organization uses this high-precision 
200 ke/s transmission in conjunction with frequency synthesizing 
equipment as the drive for broadcasting transmitters in a syn-_ 
chronized group. 

The precision transmitter drive equipment now used by the 
B.B.C. has been evolved over a period of 25 years commencing 
with tuning-fork oscillators which maintained a carrier-frequency 
stability of the order of one or two parts in 10° for short periods 
of time. This tuning-fork drive equipment occupied four 
apparatus racks 9ft in height, and each set of drive equipment 
cost approximately £3000 in 1937. Since 1938 crystal drives 
have been increasingly used and new designs developed. The 
current B.B.C. medium-frequency crystal drive occupies only 
44 in of apparatus bay space, and cost, in 1960, only £150. Its 
frequency stability and accuracy, however, are 50 times better 
than those of the early tuning-fork drive equipment. 

In the h.f. broadcasting field, transmitter drives have developed 
from the simple crystal oscillators used at the original Empire 
station in 1932. In 1939, high-stability variable-frequency 
drives were developed to meet the constantly changing carrier- 
frequency requirements of the service, and at the present time, 
use is made as necessary of variable-frequency drives, precision 
crystal drives or frequency synthesizers, the latter being used 
for the synchronization of h.f. transmitters at stations geo- 
graphically remote from each other. This latter application 
embodies the use of the B.B.C. 200 kc/s transmission as a high- 
precision reference frequency, and by synchronizing h.f. trans- 
mitters radiating on widely separated bearings, the usage of a 
limited number of h.f. channels is considerably increased. 


(5.4) V.H.F. Transmitters 


The introduction of v.h.f. sound broadcasting has resulted in 
the development of transmitters for operation in the frequency 
range 87:5-100 Mc/s having various output powers from 2 to 
20kW. These transmitters have air-cooled valves throughout, 
and considerable use is made in the high-power stages of single- 
ended earthed-grid circuits with coaxial-line tuning elements. 
To give maximum reliability, these transmitters are operated in 
pairs; for example, at the highest-power stations, two 10kW 
transmitters are used for each programme to produce a trans- 
mitter output power of 20kW. This power is fed to a high-gain 
slot aerial*® giving an e.r.p. of 120kW. The aerial consists of a 
metal cylinder some 64ft in diameter and 110ft long which has 
cut in it 32 vertical slots arranged in eight tiers. Each tier has 
four slots spaced at intervals of 90° round the surface, each slot 
being about 8ft high and 1ft wide. To guard against possible 
aerial breakdown, the aerial system is divided into two halves 
which are connected by separate feeders to transmitter com- 
bining circuits situated inside the station building. The overall 
efficiency of a 20kW f.m. transmitter is about 30%. 
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Two types of transmitter, made by different manufacturers, 
have been used at these stations, the main technical difference 
between the two being the method of modulation. In one case 
a directly-modulated quartz crystal is used.” In the other, an 
LC oscillator is modulated by a reactance valve, the centre 
frequency being controlled by a quartz-crystal oscillator.?3 

In order to extend the v.h.f. coverage and make the maximum 
use of the available frequencies, the B.B.C. has recently designed 
a low-power ‘translator’ equipment for use at satellite trans- 
mitting stations. This equipment receives the programme from 
an existing station and re-broadcasts it on another frequency. 
Considerable use is being made of transistors in this equipment, 
which is designed for unattended operation. 

The design of feeders for v.h.f. presents difficulties because of 
the relatively high power (up to 50kW) that has to be carried 
at these frequencies over distances up to 1000ft with minimum 
loss, and also because of the need for precise and stable impe- 
dance matching. Either rigid coaxial tubes made up from 12 ft 
lengths, with expansion joints every 150ft, or flexible cables in 
continuous lengths up to 600ft are used. 


(6) STUDIOS AND STUDIO CENTRES 


(6.1) Studio Design 


Many of the improvements and advances in studio design have 
come about as a result of developments in equipment and of 
changes in presentation methods and production techniques; a 
general improvement in studio acoustics has resulted from 
extensive studies in the laboratory based on new methods of 
acoustic measurement, from experience in the design of studios 
and from the availability of new materials. The tendency 
towards the use for dramatic productions of large studios with 
several microphones and locally modified acoustics, instead of 
several smaller studios each with marked individual acoustic 
properties of its own, linked by a dramatic control panel, has 
led to changes in studio design. The emphasis has shifted 
towards medium-size general-purpose studios, each containing 
two or more sections having radically different acoustic treat- 
ment. Often the layout of a studio is arranged so that opposite 
walls are not parallel, and in the larger studios the ceiling is 
broken up or coffered. 

Talks and discussion studios have become somewhat larger 
than those used before 1939. Great importance, from the 
point of view of speech clarity, is attached to having adequate 
sound absorption at the lower frequencies. The discussion 
type of programme with four to six speakers has largely replaced 
the single speaker. This has had considerable repercussions on 
the type of microphones and, above all, on the studio acoustics. 
A specially-designed circular acoustic table, used with a 
cardioid microphone, has been found necessary, and the desirable 
acoustics are somewhat deader (reverberation time, 0-3 sec) than 
was formerly the case for speech studios. 

In the last few years it has become the practice to adopt a multi- 
microphone technique for light-entertainment programmes, often 
using as many microphones as there are instruments in the 
orchestra. In addition, artificial reverberation methods are 
fully exploited and hence the actual studio acoustic requirements 
are somewhat wider. Reverberation times of 1-0-1-6sec are 
considered satisfactory. 

Very considerable research into the desirable acoustic pro- 
perties of concert halls and large orchestral studios has been 
undertaken, and the results in the form of porous and resonant 
absorbers and architectural features designed to scatter reflected 
sound have been successfully applied in many studios.24 
Notable examples are the large orchestral studio at Maida Vale 
and the rebuilt studio premises at Swansea. 
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(6.1.1) Artificial Reverberation. 
From the earliest days of broadcasting until a few years : 
the standard method of obtaining artificial reverberation 
by the use of a small reverberation chamber or ‘echo’ ri 
Several attempts, only with moderate success, have been 1 : 
to replace the echo room by using a series of spaced heads {i 
magnetic drum. This method suffered from quite a numb 
faults, in particular its failure to cope with percussi 
impulsive sounds and longer reverberation-time require 
e.g. cave effects, etc. More recently greater success has , 
achieved by the use of a thin, freely suspended 6ft x 3ft | 
plate. The time of reverberation can be varied from 
to 1sec by moving a damping membrane closer to the 
Because of their small size, compared with that of an § 
chamber, and the ability to vary readily the reverberation 
over a wide range, artificial reverberation plates are 
increasingly used on all types of programmes, especially 
music and variety. They are also very useful for correctin}h 
transmission the acoustic shortcomings of public halls @ 
theatres, especially opera transmissions. 

The very great expansion in the daily programme outoyi 
the B.B.C. has resulted in an increase in the number of 3¥ 
broadcasting studios from 95 at the beginning of 1939 ia§ 
at the end of 1960. Of these, 35 are used for the om 
services. 

In the last ten years a chain of unattended studios has: 
established throughout the country at various locations, sn 
menting the more extensively equipped regional centres 
sub-centres. These unattended studios serve news anc 
cality requirements, enabling reports to be broadcast witli 
the necessity for the speakers journeying to the main cen} 
which may well be some 40 or 50 miles away. The equi: 
and technical arrangements are such that no engineer neé 
present—hence the term ‘unattended’. The studios are su 
talks variety, about 20ft x 16ft in size, with an adjacent 4 
housing the control equipment. Arrangements have been 1 
so that the studio can also be used for more elaborate ¢ 
missions with a producer and engineer present in the adje 
control room. There are 12 of these studios in servicl 
present and five more in the course of construction. 

The use of general-purpose studios and the development ¢ 
self-contained studio unit in the B.B.C., arising partly from 
stringencies of war conditions, have several advantages 
ticularly in relation to rehearsals. Before the war, the ce 
control room at a studio centre handled both live transmis: 
and rehearsals, which added considerably to the operational | 
In later designs, all the technical facilities needed for rehe 
and most of those needed for transmission are provided it 
local studio control cubicle. For rehearsals, the whole oi 
programme-originating equipment can feed into the local ! 
speaker without going through the central control room. 


(6.2) Studio Equipment 


The war brought many problems for those associated witi 
design of audio-frequency equipment, not the least of ¥ 
were the impossibility of continuing with certain designs 9 
to the lack of materials, and the necessity of equipping a | 
number of new studio premises at very short notice. 
to the introduction of ‘standard bays’ based on the OBA/8! 
of outside broadcast equipment and other units of simpy 
design, which could be produced in quantity, assembled: 
wired in the workshops and connected in position with 
minimum of delay. New equipment designed by B. 
engineers is radically different from that used before and dr 
the war.?> Studio equipment introduced in 1947 and kt 
as type A consists essentially of two main items—a co 
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-and an apparatus cabinet. The former is installed in the 
ee control cubicle and houses faders, talkback microphones, 
icial-reverberation facilities, keys for bringing in spare 
riers, programme meter, telephone instruments and similar 
pment. The apparatus cabinet houses all the amplifiers, 
r units, relay and other technical apparatus and need not 
issarily be situated in the control cubicle. The amplifiers in 
binet are connected to the permanent wiring by plugs and 
“ets, and the relay assemblies by Post Office type springjacks. 
can thus be readily removed for maintenance or repair. 
new type of studio equipment known as type B_ has 
e been developed and was introduced into service in 1954. 
5 is less costly than type A and provides the many more 
lities and increased flexibility demanded by refinements in 
duction techniques. The new equipment has been designed 
the unit principle and comprises three standard amplifiers 
ithe necessary mains supply units, standard panels containing 
ws, cue keys, indicators and similar apparatus, all of which 
be assembled in numbers suitable to the size of the studio 
the production facilities required. 
‘he amplifiers used in the control rooms were all battery- 
rated up to the beginning of the war. These have since been 
erseded by mains-operated types, fed in groups from mains 
ts, which themselves have steadily been reduced in size and, 
re important, in cost. Amplifiers incorporating transistors 
e been designed and are being brought increasingly into 
71Ce, 


(6.3) Continuity Suite 

he technique of assembling programme items and passing 
m to the transmitting stations has also undergone a radical 
mge in the period under review. Whereas before the war it 
3 customary for the central control room to handle all pro- 
mme switching, this work has now been concentrated in 
itinuity suites, one of which is associated with each of the 
in programme services.2° A continuity suite comprises a 
ull studio and a miniature control room. These two areas 
connected electrically and also visually by means of a sound- 
of window. All programme changes are made in the con- 
lity control room by a technical operator, while linking and 
announcements, ‘fill-ups’ and similar material are handled 
the continuity announcer. 

n the event of a breakdown or other emergency the announcer 
m the spot to explain the situation to listeners within a few 
onds of the occurrence. This method of working not only 
yes the central control room free to concentrate on the 
eral operation of the B.B.C. services, but ensures smoother 
i more closely knit programme presentation. 


(6.4) Central Control Rooms 


it the beginning of the period under review, all control rooms 
3.B.C. studio centres used remotely-controlled relay switching 
the routing of programmes. The rapid war-time growth in 
number of sources and destinations which had to be switched 
ild have rendered the continued use of this system imprac- 
ble because of the sheer bulk of the equipment, even if the 
nendous number of relays needed had been available. It 
; therefore necessary to revert temporarily to a simple plug- 
jack system of interconnection. This elementary method 
Ow being replaced by a greatly improved arrangement using 
tor uniselector switching which provides for the simultaneous 
ction, by simple code, of Programine. erent with the asso- 
ed cue, control and signalling circuits.2”? Very large numbers 
Ources and destinations can thereby _ controlled from and 
cated at a single control position without operational com- 
ity. The latest example of this technique is the new control 
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room at Bush House for the External Services where the push- 
button switching can connect 150 sources to 130 destinations. 
Control rooms at the regional centres are also being modernized 
and re-equipped with motor uniselectors for programme, moni- 
toring and cordless engineering telephone-exchange switching. 


(6.5) Automatic Programme Routing and Monitoring Equipment 


The External Services* require frequent changes in the pro- 
gramme connected to particular transmitters, and these connec- 
tions may need to be altered at intervals of 15min throughout 
the 24 hours in accordance with a specially prepared schedule. 
The schedule is repeated every 24 hours, and is only changed at 
intervals of, perhaps, some months. 

The transmitters themselves are distributed among a number 
of stations in different parts of the country, each station being 
connected by a group of lines to the Bush House control room. 
Ideal conditions therefore exist for the use of automatic switching 
equipment at Bush House to connect programme sources to the. 
appropriate lines and for similar equipment at transmitting 
stations to connect the incoming lines to the appropriate trans- 
mitters.2”»?8 Automatic time-controlled switching equipment 
has been specially designed by the B.B.C. for these purposes. 
The automatic equipment can, of course, be overridden by 
manual control if necessary. At transmitting stations, auto- 
matic apparatus is also arranged to sample the programme 
incoming on a particular line and to follow this by sampling the 
outputs of all transmitters connected to that line. These 
samples, each of Ssec duration, are connected in turn to a 
loudspeaker and are thus presented as a continuous series of 
excerpts for aural monitoring. 

The shortage of skilled staff and the need for further economy 
has led the B.B.C. to develop automatic equipment for the 
monitoring both of the lines between studio premises and trans- 
mitters and of transmitters themselves.2? The increasing use of 
equipment of this type has enabled improvements to be made in 
the coverage of the domestic programmes with a more economical 
use of technical manpower than would have otherwise been 
practicable, at the same time relieving technical staff from much 
routine work and making them available for more interesting 
tasks. 


(7) MICROPHONES AND LOUDSPEAKERS 

Developments in microphones have included substantial 
improvements in, and a reduction in the size of, the ribbon 
microphone, and the re-appearance of the electrostatic micro- 
phone (previously abandoned because of the unreliability of 
earlier pre-war models). 

Advances in design and performance have resulted partly 
from increased understanding of the basic principles and partly 
from the availability of improved materials, particularly magnetic 
materials.?° 

In 1939, the standard studio microphone was the B.B.C.- 
Marconi ribbon microphone type A. This was modified in 
1943 by the addition of a new type of ribbon and balanced 
wiring, and designed type AXB. In 1944 the permanent-magnet 
system was altered and a Ticonal magnet substituted. Micro- 
phones of this type were known as type AXBT and had improved 
sensitivity. 

The demand for smaller and lighter high-quality microphones 
led to considerable research and to the trial of many different 
types. One new type introduced into service in 1952 is known 
as the PGS} ribbon microphone developed by the B.B.C. 
Research Department and manufactured by Standard Tele- 
phones and Cables, Ltd. It is considerably smaller and has 

* The present output of the External Services comprises ten programme services in 


39 languages totalling 84 hours per day. 
+ British Patent Nos. 738664 and 743006. 
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improved characteristics, particularly at the higher frequencies, 
than the type AXBT and weighs only one-third as much.3! This 
microphone represents a considerable improvement in quality, 
particularly in its response at the higher audio frequencies, and 
is less obtrusive than the type AXBT. It is known as type 4038. 

However, there is considerable demand for microphones 
possessing characteristics other than that of the figure-of-eight 
(as in the ribbon microphone)—in particular, we require cardioid 
and omnidirectional characteristics. Hence it has been neces- 
sary over the last 15 years to make increasing use of electrostatic 
microphones, which, because of the small size of their working 
parts, can readily be designed to have any, or in some cases all, 
of the desirable directional characteristics without appreciable 
frequency distortion. In particular, the cardioid type is essential 
for outside-broadcast use in the footlights of theatres and opera 
houses in order to obtain the maximum of stage pick-up without 
the orchestral pick-up on the back of the microphone. The 
omnidirectional type is very useful in places where the rever- 
beration time is too short for ideal results. 

For use in conditions of high ambient noise, e.g. when a com- 
mentary on a sporting event is broadcast, a close-talking 
pressure-gradient microphone has been designed by the B.B.C. 
Research Department. The original design was introduced in 
1937 and became known as the lip microphone type L1; an 
improved version, type L2,* was produced in 1951 and was, 
until recently, the only high-quality ‘noise-cancelling’ microphone 
of its kind in the world.4° A microphone, based on the B.B.C. 
design, is now manufactured by Standard Telephones and Cables, 
Ltd., and designated type 4104B or C. 

The lip microphone, when held close to the commentator’s 
mouth, gives a high degree of discrimination between the wanted 
speech and the ambient noise. When so used, however, speech 
tends to sound unnatural, and equalization of the frequency 
characteristic, both by acoustic damping screens and by electrical 
networks, has been introduced to compensate for this as far as 
possible. 

Advantage is taken of commercial products where microphones 
having special characteristics are required and are available, for 
example directional properties or robustness, or where there is 
need for a microphone to be held in the hand or worn on the 
person. The B.B.C. maintains an acoustics laboratory with 
advanced facilities for the calibration and testing of microphones. 

The critical aural monitoring of programmes, which is carried 
out at several points in the broadcasting chain, demands a high- 
quality loudspeaker used under suitable conditions to show up 
any unwanted noises, distortion or other technical faults. It 
must also reproduce sound with a high degree of fidelity so as to 
enable a balance to be obtained that is acceptable when the 
programme is heard over a wide variety of reproducing equip- 
ments and not merely over other loudspeakers of the same type. 

The design of a high-quality loudspeaker is a frustrating task 
for the engineer, since the characteristics required have so far 
defied attempts to reduce them to a precise specification. The 
performance of the final product has to be assessed by ear, but 
unless the subjective judgment is arrived at under carefully 
controlled conditions, it is easy to obtain completely contra- 
dictory results. To provide itself with loudspeakers of the 
necessary high standard of performance the B.B.C. has, in 
addition to laboratory tests, made direct comparisons between 
the reproduced sound from a loudspeaker and the original 
sound in the studio, employing for the purpose its own trained 
and experienced staff. In this way, the performance of new 
commercial designs is rigorously assessed. The B.B.C. also 
designs its own loudspeaker assemblies, by combining units from 
different manufacturers. 


* British Patent No. 737096. 
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A loudspeaker designed for monitoring purposes 
B.B.C.°2 uses a commercial 15 in low-frequency unit moun 
a vented cabinet in conjunction with high-frequency unit 
suitable cross-over networks. A smaller and lighter adq 
of this design has been produced for use in outside broaq| 
Tests have also been conducted with modern commercial ve 
of a wide-range electrostatic loudspeaker. 

The built-in ‘corner’ loudspeaker possess several advar 
but under operational conditions it is seldom possible 
this type. 


(8) OUTSIDE BROADCASTS 


In 1939, the standard B.B.C. equipment for outside broa) 
consisted of the OBA/8 amplifier and its associated appa 
Little progress was possible in the design of new equi 
during the war, although the requirements for outside-brox 
operation had become more complex. In order to provi 
additional facilities required in post-war years, unsuitable - 
by modern standards—rather cumbersome equipment 4 
be pressed into service, and the number of units to be transyj 
and connected on site had become unwieldy. 

The OBA/9 amplifier and its auxiliaries were develep) 
provide equipment as small and light as possible » 
sacrificing reliability, yet having a general technical perfor 
similar to, or better than, the OBA/8. Ease of transpe 
if necessary, dismantling, were considered importartl, 
provision for carrying subsidiary items such as micr% 
cables, cue lights, telephones, etc., was made. 

The resulting equipment is mounted in a stack on a «i 
porter’s trolley, which facilitates transport. It consists — 
units of five different types: a 4-channel mixer, a micro@ 
amplifier and programme meter—of which two are inclue 
each set—a distribution and general control unit, a loudspi 
and isolating amplifier, and a power supply unit. The equi 
can be operated from the mains supply or from dry bak 
contained in the power supply unit. The equipment } 
designed that these six units can be operated without dismay 
or alternatively they may be removed from the trolley am 
the addition of a suitable number of similar units, exten¢ 
deal with the more complex programmes. Mounted at the 
of the trolley are three drums each containing 150 ft of scx 
microphone cable, while two additional items—a portable! 
speaker and a spares and components box—are transp 
separately. 

In designing this equipment full advantage has been tal 
the availability of small valves and other components so« 
keep its size and weight toa minimum. A transistorized v} 
of the OBA/9 amplifier has now been produced and is in ri 
service in the sound and television services. Its lightnes® 
power consumption and freedom from microphony arg 
ticularly valuable. 

Both OBA/8 and OBA/9 equipments were used in prei 
sound facilities during the Coronation broadcasts in 192 
which 1300 additional sound circuits were required to li 
11 temporary control rooms and more than 80 control po 
with the permanent B.B.C. control rooms in the Londen 
The five main sound networks covered broadcasts and recod 
by more than 100 commentators speaking in 42 languages’ 

Equipment of the same types has been used for the 
tours of Canada, South Africa and Southern Rhodesis 
Australasia. 

A new development in the outside-broadcast field for : 
programmes is the suitcase outside-broadcast apparatus, , 
is designed for operation by a commentator or reporter Ww 
the need for an engineer. The whole apparatus is contaii 
a small suitcase measuring 154 x 94 x 53in, and the 
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At is 15lb. Transistors are used in the microphone ampli- 
1d also in the very small radio receiver, by means of which 
ame cues may be obtained when required from the usual 
A crystal microphone is provided, and 
lnc ringing and speaking facilities are included. The user 
jects his equipment to the appropriate Post Office line circuit 
aserting a single plug into a socket provided at each outside 
adcast point. 

inother B.B.C. development, used mainly in outside broad- 
3, is a radio microphone which was designed to relieve 
mentators of the encumbrance of a microphone with a 
ing lead. This was introduced in July, 1955, and is used 
poth the sound and television services. It consists of a 
iaturized v.h.f. f.m. transmitter and a battery pack each 
roximately the size of a packet of 20 cigarettes, associated 
{a miniature microphone which can be worn on the person. 
aerial consists of a few feet of wire concealed in the user’s 
hing. The transmitter operates on frequencies in Band I 
has an r.f. output of about }W. It is believed to be the 
Hest high-quality transmitter of its kind at present available 
this particular purpose. The range of the transmitter 
ends upon conditions, but under favourable circumstances 
r exceed half a mile. 

ecent additions to the fleet of special outside-broadcast 
icles have been two versions of a mobile studio and control 
m fully equipped to carry out large-scale programmes. In 
more recent version the control-room equipment can handle 
tal of 23 programme sources.??. Two of these are micro- 
mes in the vehicle’s own studio, one is the output of a bank 
our disc-reproducing turntables and four are the outputs of 
f. fm. receivers bringing programme items from transmitters 
‘ied by commentators in the field. 

ound programmes are usually brought from the outside- 
adeast point to a convenient point on the main network by 
ins of lines temporarily hired from the Post Office and tested 
equalized by the B.B.C. Where the outside-broadcast point 
iobile, or for any other reason, suitable lines are not available, 
io links are used. 


(9) SIMULTANEOUS-BROADCASTING LINES 


he permanent network of lines connecting the studios with 
transmitters, both for conveying the programme and for 
munication purposes, is supplied and maintained by the 
t Office. B.B.C. engineers co-operate with those of the 
t Office in setting up the programme lines to the high standard 
lired and carry out routine tests to ensure that the specified 
nical characteristics are maintained. The standards aimed 
are at least equal to those laid down by the C.C.I.T.T. 
ermmational Telegraph and Telephone Consultative Commit- 
. Equalizers are used at B.B.C. centres to compensate for 
Tesidual attenuation/frequency distortion; for long pro- 
mme circuits it has been found necessary to introduce 
perature compensation into the equalization. 

he expansion of the B.B.C.’s various services has demanded 
roved communication facilities. The comprehensive com- 
lication system that has been built up now provides both 
[-Office telephone communication and engineering control 
ies between all the regional centres and transmitting 
ions throughout the network; it also provides teleprinter 
ities between London and the main B.B.C. centres. Most 
he communication circuits are provided by 3-channel or 
annel carrier systems each employing two Post Office music 
a In some cases the music circuits can be used for pro- 
ame transmission at certain times of the day, and for inter- 
€ communication at other times. The teleprinter channels, 


SOUND BROADCASTING 1939-60 


287 


which are derived by the use of splitting filters, employ frequencies 
between the speech channels. The B.B.C. also uses facsimile, 
telegraph and picture equipment in its television news service. 

The B.B.C. now rents from the Post Office about 25000 miles 
of programme circuits for sound, including those used for the 
sound component of the television programme, and 7000 miles 
of control and communication circuits. 

The programme networks comprise a distribution system for 
carrying each of the programmes from the continuity centre to 
the transmitting stations and a contribution network bringing 
programmes from remote parts of the system to the continuity 
centre. The main networks are set up in programme chains, i.e. 
Home, Light, Third and Television Sound, and they are normally 
routine tested each week for attenuation/frequency charac- 
teristic, harmonic distortion and noise, the test signals being 
originated at the London end and readings being taken manually 
at intermediate studio centres and transmitters. Contribution 
circuits are similarly tested in chains. This method, however, . 
does mean that a number of engineers are engaged simultane- 
ously on the tests, which take about 30min for each chain. 
Automatic sending apparatus has now been introduced for these 
tests on the main programme distribution chains, thereby 
reducing the time to 5-6min. Apparatus has also been designed 
to reduce this time still further to 3-4 min with the synchronized 
automatic adjustment of receiving apparatus to meet the require- 
ments of each test and the recording of results without manual 
assistance. It is intended to use this apparatus also for the 
adjustment of ‘topping up’ equalizers on long chains of three or 
four links so as to ‘iron out’ the accumulated variations of the 
attenuation/frequency characteristics. These equalizers use 
Bode-type sections to correct the frequency characteristic in 
three parts of the frequency range, i.e. 60c/s—500c/s, 500c/s— 
2ke/s, 2kc/s-8kc/s, by approximately +4dB in each part. 
Equalizers of types similar to these have been in service for a 
number of years for the correction of ‘occasional order’ circuits, 
which can be successfully and rapidly trimmed by testing at four 
main frequencies. 

Other developments during the period have been the increased 
use of carrier circuits, and the development of special techniques, 
such as a split-band system for use where the available lines 
have insufficient bandwidth. 


(10) USE OF REBROADCAST RECEIVERS IN PLACE OF 
LINES 


With the development of the v.h.f. fim. system, increasing 
use has been made of the practice of feeding transmitters by 
direct pick-up from a v.h.f. f.m. station in place of a line. By 
this means, economy in line costs is effected, and where existing 
lines have been inferior or liable to interruption, this change-over 
has made possible an improvement in the quality and reliability 
of programme distribution. B.B.C. design v.h.f. fm. rebroad- 
cast receivers are provided at the transmitting station which is 
to be fed in this way and are tuned to a convenient station 
radiating the required programmes. The originating station 
becomes the parent station, and the receiving station becomes 
the satellite. The satellite station uses the output of the receiver 
as the source of programme for its transmitters in place of the 
normal line source, and may, in its turn, become a parent 
station for a further group of satellites. 

It has been possible to extend this system to unattended and 
semi-attended transmitting stations by the use of a system of 
20kc/s tone monitoring. Two complete chains, one normal 
and one reserve, are provided at these stations, each comprising 
a rebroadcast receiver, programme input equipment and trans- 
mitters. The parent station radiates a 20kc/s tone at a fixed 
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level superimposed on the programme. Tuned amoplifier- 
detectors are provided at the satellite stations which detect the 
tone and initiate the switching as required for the particular 
station. In general, if the 20kc/s tone is not detected at the 
appropriate level on the normal programme feed circuit, the 
receivers are changed over to the reserve chain. If the tone 
is not detected on this either, then the transmitters may be 
connected to other sources of programme (long-wave or medium- 
wave rebroadcast receivers or lines) or may be shut down. In 
some cases, the amplifier-detector is also used to switch on the 
transmitters. 

Radio reception of the transmissions from v.h.f. f.m. stations 
for programme distribution was first developed for use with 
certain low-power medium-wave stations and was then exten- 
sively introduced into the programme distribution network for 
v.h.f. fim. transmitting stations. It is likely to be further 
extended to other stations. 


(11) SHORT-WAVE BROADCASTING 


In 1938 there was comparatively little short-wave broadcasting 
outside that provided by the United Kingdom, Germany, the 
Soviet Union and the United States. During the period under 
review the number of short-wave transmitters in the world has 
increased enormously. The power of the transmitters used has 
also increased from a general level of 5-10kW in 1938 to 
50-100 kW and above. 

In 1938 the B.B.C. operated six short-wave transmitters with 
a total output power of 170kW. At its war-time peak, in 
February, 1944, this output had grown to 2870kW from 43 
transmitters. The B.B.C. is at present using 39 high-power 
transmitters, two of which are installed at Tebrau (Singapore) 
and are used primarily to rebroadcast the B.B.C. Far Eastern 
and Eastern Services to the appropriate Asian countries. 

The short-wave transmitters have been modernized and 
improved, where possible, in efficiency by the use of modern 
valves, improved modulation techniques and measures taken to 
increase the speed of wave-changing. Plans have been prepared 
to replace some of the older transmitters, and work is already 
in progress. 

The design of transmitting aerials and feeders has been the 
subject of intensive study, and high-gain directional aerials are 
now in general use. These aerials consist of stacked horizontal 
dipoles—a form which has been found to be generally the most 
efficient for this purpose.*4+ 35 At a large transmitting station 
a formidable number of aerials is needed to cover the many 
areas to be served and the number of frequencies required, and 
a great deal of land is required on which to erect them. Con- 
siderable economy and flexibility can be effected by the use of 
aerials with reversible directivity, by electrical slewing of the main 
lobe in the horizontal direction, and by comprehensive trans- 
mitter-to-aerial switching arrangements. 

Owing to the shortage of frequencies, extensive use has been 
made of synchronized transmitters; the technique has been 
developed to include transmitters at stations in different parts of 
the country. Experience has shown this to be a satisfactory 
method of operation for serving two or more areas with the 
same programme on the same frequency so long as the aerial 
patterns of the transmitters do not overlap. 

The general increase in the power of short-wave transmitters 
and improvements in receiver design in regard to sensitivity, 
noise factor and a.g.c. action has greatly improved the reliability 
of short-wave services. The congestion of the short-wave bands 
and the resulting interference has, however, resulted in serious 
difficulties, and has led the B.B.C. to take steps to increase the 
effective radiated power of some of its longer-range services. 
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It has been found possible to operate two 75 kW short-y 
transmitters in parallel, and by using them in conjunction 
an aerial having a gain of 23 dB, referred to a half-wave d 
in free space, to produce an e.r.p. of 30 MW over a small ar 
Much progress has been made in understanding the behay; 
of the ionosphere, leading to improved forecasting of} 
optimum frequencies for short-wave circuits. There has be 
great increase both in the number of measurements of ionosp 
conditions and in the number of stations throughout the 
at which they are made. A well-organized system fon 
exchange and correlation of data has thus been established 
co-ordinating authority in the United Kingdom is the D.S§ 
A large number of special observations of phenomena affei 
radio propagation were made during the International ‘} 
physical Year; the B.B.C.’s Receiving and Measuring Static 
Tatsfield was chosen as one of the centres for obses 
ionospheric and tropospheric propagation conditions. | 
of interest to note that the first observations in Great Fr 
of the signals from the first Russian earth satellite were reco, 
at Tatsfield in the early hours of 5th October, 1958.) 
now confirmed that the 11-year solar cycle passed througy 
minimum phase in April-May, 1954, and its maximun 
February-March, 1958. During the peak solar activity 
highest frequency bands (21 and 26 Mc/s) available for sl% 
wave broadcasting could be used to a greater extent, thus 
tially relieving the congestion in the lower frequency bands 
The conditions of operation of a short-wave service ?hilis 
virtually world-wide in its coverage demand the use at dist 
times of day of a number of different frequencies. All o» 
of those frequencies may be changed en bloc when a ai 
alteration in the operating schedule is made to take accouns 
seasonal propagation changes. At the time of writing, 12€} 
quencies are registered for use in the B.B.C.’s External Servi. 
and it would be impracticable to install this number of i 
grade crystal drives at each short-wave station. The B3 
has therefore developed variable-frequency drive equipmer 
exceptionally good frequency stability and high resewg 
accuracy.2® An essential part of this equipment is a frequ 
monitor which provides, from a local frequency sub-stana 
standardizing frequencies spaced at S5kc/s intervals througy 
the carrier-frequency range of 2-8-22:4Mc/s. The appropy 
one of these frequencies is compared with that of the transm 
which is adjusted to zero beat. It should be noted thatlt 
frequency monitor is not a measuring device, but an ail 
adjusting frequencies already known to an accuracy of, 
50 parts in 10° (from the dial setting of the drive equipn 
to an accuracy within a few parts in 107. 
The international frequency regulations laid down by 
Atlantic City Convention in 1947 allow a tolerance of +3 
per Mc/s for all broadcasting transmitters operating on 
quencies from 4Mc/s to 500Mc/s. The B.B.C. norr 
achieves a frequency tolerance better than +15 parts in 1¢ 
the short-wave bands. Under the new Radio Regula? 
adopted at Geneva in 1959, the tolerance for the 1| 
4-29:7Mc/s will be reduced to +15c/s per Me/s for | 
transmitters installed after 1st January, 1964, and for all i! 
mitters after Ist January, 1966. Changes have also been r/ 
in the tolerances for the higher-frequency bands. 


b) 


(12) B.B.C. MONITORING SERVICE 


The B.B.C. Monitoring Service came into being shortly b 
the war when a need arose to intercept and summarize || 
items broadcast by foreign stations. Initially, monitoring: 
introduced on a small scale in London, but in 1939 the sex 
was transferred to Evesham and put on a professional basis 
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ichnically, the organization was planned in two parts. For 
ition of the stronger signals an amplified aerial system was 
covering the frequency range 100kc/s-27 Mc/s, in 
fh some 60 domestic-type receivers were fed via r.f. amplifiers 
"a number of omnidirectional aerials. For weaker signals, 
nunication-type receivers were used, connected to individual 
tional aerials. This scheme suffered from a number of 
{vantages among which were: 

i) Strong signals from local transmitters produced cross-modula- 


a and inter-modulation effects in the r.f. aerial amplifiers. 
ii) The limited area of land available restricted the erection of 


ectional aerials. 
) The distance from London (100 miles) was too great for 


isfactory operation of the service. 


site free from these disadvantages was sought, and in 1942 a 
ble one was found at Caversham, near Reading. The same, 
; plan was adopted, strong signals being intercepted by 
gn-language monitors operating their own individual 
vers, while weak and difficult signals were received by 
ieers with special equipment at a remote and electrically 
: site at Crowsley Park some 34 miles from the main centre.37 
, Caversham, an amplified aerial system was installed which 
isted of omnidirectional aerials, each feeding an r.f. signal 
lifier having a frequency range of 2: 1 and a gain of not 
than 25dB. The r.f. spectrum of 100kc/s-27Mc/s was 
ivided into seven octaves and one near-octave. The out- 
from the octave amplifiers were combined in two groups of 
> and one group of two, and connected to three coaxial 
ss each running to a special distribution transformer. 
1 transformer was capable of feeding up to 60 receivers, 
ated by the monitors who selected the output from the 
opriate transformer by means of a switch at the receiver 
t. This scheme has the advantage that the first-order, and 
fore strongest, combination terms produced by the octave 
lifiers necessarily fell outside the frequency range of the 
lifier from which they originated and within the gaps between 
ves carried by each cable. It also has the advantage of 
iding an attenuation of as much as 41 -6 dB between receivers. 
| Crowsley Park, a comprehensive system of directional 
Ws was installed including five rhombic aerials and 12 
tage long-wire types, in addition to 30 long-wire semi- 
cal aerials. A flexible system was installed in which aerials 
plugged by flexible cords to any desired octave amplifier. 
aty-seven communication-type receivers were installed, and 
‘af. outputs were connected by line to Caversham through 
ig-and-jack board. 


st-war developments have included** 


(@) The replacement of the original octave amplifier system at 
Owsley Park by six push-pull wideband amplifiers having a high 
gree of linearity and each covering the frequency range 100kc/s— 
Me/s and having ten r.f. outputs. 

b) The substitution of the original American communication 
eivers by British receivers of improved performance. 

(c) The use of bi-directional rhombic aerials. 

d) The use of very-long-wave convertors in which Morse signals 
the frequency range 15—-150kc/s are made to key an r.f. oscillator, 
IS producing an output within the r.f. range of the normal receivers. 


le main listening room at Caversham has been almost 
pletely re-equipped in recent years. There are now 40 
ral Monitoring positions, each equipped with a modern 
sh communication-type receiver. Remotely-started plastic- 
Tecording machines are installed, so that items can be 
‘ded for subsequent replay on transcription machines. The 
‘ding machines are arranged in groups, and electrical 
king’ facilities are provided at each monitoring position, so 
any recorder which is not already booked or in use may be 
ved for instant use when required. Two further positions 


BROADCASTING 1939-60 289 


are specially equipped for the reception of Hellschreiber trans- 
missions, and there is also a remotely-operated magnetic-tape 
recorder for use when better recorded quality is required than 
is obtainable from the plastic-belt machines. 

The programme lines from Crowsley Park are connected at 
Caversham to the appropriate monitoring positions by switching 
at a supervisory control position in the listening room. Here a 
special console designed by the B.B.C. has been installed, which 
provides such facilities as pushbutton monitoring-line routing, 
supervisory monitoring of all monitors’ listening positions, and 
two communication-type receivers for use by the supervisor. 

The monitors now cover broadcasts from more than 35 
countries in nearly as many languages. From the considerable 
total intake, the monitoring news bureau selects and processes 
news and other urgent information for transmission by teleprinter 
to the B.B.C. news departments and to the Foreign Office. 
Part of this service is also supplied to subscribing news agencies. 
A number of publications are produced daily or at less frequent . 
intervals, chiefly for Government Departments; they are available 
also to other organizations on a subscription basis. 


(13) SOUND RECORDING 


The pre-war trend towards the increased use of recorded 
programmes was greatly accelerated by war-time conditions, 
when it became necessary to record programmes at convenient 
times for transmission at all hours of the day and to record 
programmes under conditions not liable to interference from 
enemy action. A large increase in recording equipment was 
therefore required. 

Prior to the period under review, three sound recording 
systems were in use by the B.B.C., the Marconi-—Stille steel-tape 
magnetic system, the Philips—Miller film system, and the M.S.S. 
direct disc recording system. During war time it was decided 
to obtain a large number of disc recording machines for direct 
recording on cellulose-coated discs, which can be played back 
immediately without processing. In addition to static recorders 
for use at studio centres, portable models using similar discs 
were manufactured for use by war reporters and for other 
special purposes. The performance of all these recorders was 
adequate for the immediate purpose, but it was realized that 
direct disc recording was likely to become a permanent feature 
of the broadcasting service, and the B.B.C. therefore undertook 
the design of a permanently-installed disc recording machine of 
improved performance.*? This became known as the type D 
recording and reproducing equipment, and was brought into 
service early in 1945. 

A great increase in the use of recorded programmes took place 
in countries engaged in the war, and especially in Germany; 
towards the end of the war, almost the whole of the German 
home programmes were recorded. The Germans concentrated 
on a magnetic recorder known as the Magnetophon, in which 
the recording medium was a plastic tape impregnated or coated 
with a magnetic powder. This was highly developed, and 
extremely good quality was obtained by the use of high-frequency 
erasing and a high-frequency biasing system. Apart from its 
high quality, this equipment had the advantage of a playing 
time of more than 20min for a single reel of tape, so that a 
long recording time could be accommodated in a very small 
volume. 

Magnetic-tape recording has now been developed to a high 
degree of perfection and has come into world-wide use. The 
speed at which the tape runs past the recording and reproducing 
heads is of great importance and obviously needs to be stan- 
dardized if tape recordings are to be interchangeable.both within 
the B.B.C. and with other broadcasting organizations. For 


290 


recordings of first-class quality, a tape speed of 15in/s is used, 
but equipment is also available giving speeds of 7} and 33 in/s. 
A tin-wide plastic tape is used, coated with iron oxide. 

International agreement has been reached on the standardiza- 
tion of the essential characteristics of tape and disc recording 
and reproducing equipment necessary for the international 
exchange of programmes. 

During recent years the B.B.C. has expanded very greatly its 
facilities for recording programmes on magnetic tape. The 
major part of the load is now carried by this system and the 
use of disc recording is decreasing rapidly except for such 
special purposes as the Transcription Service and for archives. 
Mobile disc recording has given way entirely to tape. The 
present proportion is approximately 80% tape and 20% disc. 

In addition to the permanently installed recording channels 
at B.B.C. studio centres, mobile tape-recording equipment has 
been produced and installed in saloon cars, and there are also 
portable recorders. The so-called midget recorders are of 
particular interest—they measure 154in x 7}in x 84in and 
weigh only 1441b including batteries. These recorders, which 
use a tape speed of 74+in/s, are suitable for recording speech 
and are supplied to B.B.C. foreign news correspondents oversea, 
as well as to B.B.C. centres throughout the United Kingdom. 
The electronic equipment used in these portable recorders has 
recently been redesigned by the B.B.C., the valves being replaced 
by transistors. The space saved has been used to accommodate 
a loudspeaker with its associated transistorized amplifier. 

There have been two recent developments of importance 
brought about by the sheer number of recording channels which 
have become essential: one is the establishment of separate 
recording and reproducing rooms where numerous machines 
are grouped together, thus saving both space and operating staff. 
These machines are arranged for remote operation, so that once 
they are set up they can be started or stopped by pressing a 
button on the control panel of any studio equipped with this 
facility. 

The second development is the trolley-mounted tape machine 
which can be easily transported to the area where recording or 
reproduction is required. This has technical characteristics 
identical with the rack-mounted equipment. 

The introduction of fine-groove (long-playing) discs for speeds 
of 334 and 45r.p.m. made it necessary for the B.B.C. to design a 
reproducing desk specifically for these recordings. This desk 
incorporates a number of special features. In the B.B.C. it is 
comparatively rare for a fine-groove recording to be reproduced 
in its entirety, but quite common for short excerpts to be used, 
It must therefore be possible to find a passage quickly and to 
start reproduction on a chosen word or note. Some form of 
groove-locating device and a quick-starting device* are there- 
fore required and these have been provided in the design of 
this equipment.*° 

An optically projected scale has been provided for quick groove 
location, but with long-playing records this is not in itself suffi- 
ciently accurate since it is necessary to locate a precise point 
within one turn of a groove. The final positioning of the pick-up 
is determined by rotating the disc forwards or backwards, with 
the pick-up resting on it, and listening to the output; the turn- 
table is then retracted, and it and the disc are raised to make 
contact with the pick-up at the instant when the reproduction 
is required. 

The B.B.C. is probably unique among large broadcasting 
organizations in that less than 50% of its programme output is 
recorded. Nevertheless during 1960 recordings were made on 
79000 discs and some 108000 reels of magnetic tape. The 


* British Patent No. 815230. 
British Patent No. 702090( South African Broadcasting Corporation). 
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standard reel holds 2400ft of tape. The majority of the 
recordings were made for the Transcription Service, whic 
tributes recordings of B.B.C. programmes to oversea D 
casting organizations. 

One of the advantages of magnetic recording is, of cq 
that the tape can be used again once the original record 
no longer required. The B.B.C. has therefore established ¢ 
reclamation unit for testing and repairing tapes; it recond| 
and returns to service some 1 100 reels of tape each week. | 


(14) DOMESTIC RECEIVERS 


The most important change in receiver design in the 4 
under review has been the introduction by the industj 
receivers for the new v.h.f. f.m. sound broadcasting system. 
high rate of purchase tax has made the evolution of econd 
designs more than ever necessary, and such refinements as} 
button and motor-assisted tuning have virtually disappears« 
a great many sets the a.c./d.c. technique has been used to say 
cost of a mains transformer, and valves have been design 
operate efficiently at the reduced h.t. voltage which this neces 
entails and with their heaters connected in series. The al 
miniature type of valve is widely used both in mains-or 
and battery receivers. 

Most post-war receivers have good sensitivity and reasap 
good selectivity, but their standard of audio reproduct 
limited by the need for sharpening the response of the } 
circuits to give sufficiently good selectivity for use in ti 
gested medium-wave band. This need does not eri 
v.h.f. fm. receivers, and a very marked improvement in | 
quality has been achieved in many of them. The presentif 
is to produce receivers with facilities for v.h.f. receptily 
Band II as well as for reception on long wavelengths, 
wavelengths and, in some cases, short wavelengths. Coir 
television and v.h.f. receivers are also becoming commen 
there are some receivers for v.h.f. reception only. Progre 
been made in the standardization of intermediate frequenci! 
intermediate frequency of 10-7 Mc/s is widely used in y.h.ilf 
receivers; medium- and long-wave sets commonly use an 
mediate frequency of around 470kc/s, this value being dil 
partly by interference considerations and partly by the ni 
move self-generated whistles, if they cannot economicas 
eliminated, to the less frequently used parts of the 1 
range. 

Some progress has been made in reducing the num 
different types of valves used in domestic receivers, alt) 
standardization has not been achieved. 

The popularity of portable receivers has been one of thi 
standing features of recent years. Many types were pre 
which could be used either with batteries or with an a.c. alk 
mains supply; portables for use with batteries only were < 
invariably of the ‘all-dry’ type, in which the 1.t. accumulate 
superseded by a dry battery. 

These types of receiver are now being superseded in thei 
by models in which the valves have been replaced by trans 
By the use of miniature components, printed-circuit wirir 
small batteries, the size and weight of these models have 
greatly reduced, and many are small enough to be slippes 
the pocket. Most of these receivers have their own ir 
ferrite-rod aerial, but provision is sometimes made for tit 
of an external aerial in areas where reception is difficult be 
of low field strength or other causes. 

The use of transistors has now spread to table-model re 
because the current consumption is so small that the compli 
of providing for operation from the mains supply can tf 
pensed with. These receivers, although usually of norm: 


able models in order to provide good-quality reproduction, 
transportable in that they can be carried from room to 
1 without the need for a mains-supply socket being available. 
this reason they are sometimes described as ‘cordless’. 
umber of these transistorized table models now include 
‘ision for reception of the v.h.f. sound service; a welcome 
‘ency is the spread of this development to portable receivers, 
yugh an external aerial is usually necessary for v.h.f. reception 
ie fringe areas of the transmitting stations. 

wrtable radiograms and record reproducers are now featured 
any manufacturers’ ranges and are mostly fitted with 4-speed 
tables and interchangeable pick-up heads suitable for 
p.m. and long-playing records. 

| the field of car radio, the most important development has 
, the introduction of receivers and power-supply units using 
sistors. This has led to considerable economy in power 
umption and has enabled the expensive and bulky power 
‘incorporating a transformer and vibrator to be dispensed 
. There are no British car radios covering the v.h.f. band 
dugh imported models are available. 

: 


{ 


(15) INTERNATIONAL CO-OPERATION 


(the field of international relations, the B.B.C. participates in 
work of a number of organizations, and is represented on 
lerous committees and study groups. International co-opera- 
can naturally assist in the solution of many problems in 
udeasting; for some of them it is indispensable. During the 
od under review many links with organizations oversea have 
1 broken by the war and since re-established. The Inter- 
onal Broadcasting Union, formed by the broadcasting 
mizations in Europe in 1925, came to an end with the 
weak of war. It has, unfortunately, not proved possible 
e the war to form a single comprehensive union of all the 
adeasting organizations in the European region on account 
political difficulties. In Western Europe, the European 
adcasting Union founded in 1950 has replaced the I.B.U.; 
.an organization embracing the whole field of sound and 
fasion broadcasting, including programme and legal matters 
yell as technical ones. The Director General of the B.B.C. 
elected President of the Union in 1950 and was re-elected 
lat office in 1955. A member of the Engineering Division of 
B.B.C. has been Chairman of the Technical Committee since 
2, The E.B.U. has its headquarters in Geneva; the Technical 
tre is in Brussels with a monitoring and measuring station 
urbise, in the south-west of Belgium. In Eastern Europe 
€ is a separate union known as the International Organi- 
mn of Radio and Television (O.I.R.T.) which has its 
iquarters in Prague and includes among its members most 
he countries of Eastern Europe and others in the Far East. 
fe is some exchange of information and co-operation between 
two Unions on technical matters. 

he B.B.C. also participates in the work of the International 
communication Union (I.T.U.) and in that of its two 
Manent consultative committees—the International Radio 
sultative Committee (C.C.I.R.) and the International Tele- 
fh and Telephone Consultative Committee (C.C.I.T.T.). 
se Organize studies and issue recommendations and informa- 
On technical and operating problems. Whenever broad- 
ing interests are involved, the B.B.C. sends representatives 
he conferences, either as members of a United Kingdom 
gation or as independent observers. 

le B.B.C. is also represented on the U.K. committee of 
Thternational Special Committee on Radio Interference 
S.P.R.) organized by the International Electrotechnical 
imission (I.E.C.); the latter body is concerned with standards 
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for all electrical equipment, and the former with the control and 
suppression of electrical interference caused by such equipment. 


(16) INTERNATIONAL EXCHANGE OF PROGRAMMES 


The number of sound programmes exchanged ‘live’ between 
the B.B.C. and broadcasting organizations in other countries 
greatly increased during the period under review. Three 
methods are used for such relays: 

(a) For exchanges with the nearer European countries, inter- 
national programme lines incorporated in the telephone network 
operated by the telephone and telegraph administrations. 

(5) For more distant parts of the world, radiotelephone circuits 
operated in many cases by the same administrations. 

(c) Where the required programme is broadcast on short wave- 
lengths in the country of origin it may be picked up directly at a 
receiving station operated by the broadcasting organization relaying 
the programme. 

In the case of methods (a) and (4), the technical arrangements 
for relays to and from this country are made in co-operation | 
with the Post Office. The technical quality and reliability of 
these relays have benefited considerably from improvements in 
the lines and other equipment used. For relays from North 
America, the first transatlantic telephone cable, commissioned 
in 1956, is now used almost exclusively; by using two of the 
circuits in the cable, a channel with a nominal bandwidth of 
6:4kc/s can be obtained for the transmission of music and other 
high-quality programmes. Many programmes are received from 
broadcasting stations abroad by direct radio reception at 
Tatsfield, the B.B.C. Receiving and Frequency Measuring Station 
in Surrey—notably the European-language transmissions of The 
Voice of America, which are received on short wavelengths 
from the United States and re-broadcast by the B.B.C. on 
medium and short wavelengths. A fourth means of exchanging 
programmes between countries, which is being increasingly used, 
consists of recordings (transcriptions) either on discs or magnetic. 
tape. The B.B.C.’s Transcription Service distributes annually 
some 60000 recordings of B.B.C. programmes to oversea broad- 
casting organizations. — 

The great expansion in world communications since pre-war 
days has widened enormously the field from which programmes 
can be drawn, but it is still necessary to improvise special circuits 
from the less highly developed areas as, for example, during the 
Royal tour of the Commonwealth in 1953-54. 

The increase in the number of sound programmes exchanged 
between the United Kingdom and other countries, excluding 
transcriptions, is shown in Table 2. 


Table 2 
1960 
1939 
tota By By trans- Vi ’ 
Coe ea) MRE acrsianlt Pi kat eee 
Incoming 571 1 209 763 12859 2975 17 806 
Outgoing 886 324 1314 — 3394 5032 


(17) CO-OPERATION IN THE BRITISH COMMONWEALTH 


There has been a steady expansion of broadcasting in the 
Commonwealth countries during the period under review and 
a rapid development of broadcasting in the Colonies, particularly 
since 1949 when the British Government decided to make funds 
available for this purpose under the Colonial Development and 


Welfare Act. 
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All the Commonwealth countries have well-developed sound 
broadcasting services, and all except South Africa have television. 
In New Zealand television transmissions are at present on an 
experimental basis only. Thirty-two Colonial territories have 
sound broadcasting services and three so far have television; seven 
more have the introduction of television under consideration. 

In 1945 the first Commonwealth Broadcasting Conference was 
held in London; it was called in order that the major broadcasting 
organizations of the United Kingdom, Australia, Canada, New 
Zealand, South Africa and India should be able to review their 
co-operation during the war years and to consult with each other 
how best this co-operation could be continued and developed in 
time of peace. Parallel with the meetings of the main Conference 
a technical committee covered the same field on the engineering 
and scientific side. The success of this Conference led to the 
holding of another, also in London, in 1952* and a third in 
Sydney, Australia in 1956.* A further similar Conference was 
held in New Delhi in January, 1960.* These Conferences have 
provided a valuable means of exchanging information and have 
proposed a number of practical steps to ensure still closer 
co-operation and mutual assistance in all fields of broadcasting. 

Since the war, Colonial broadcasting has created a growing 
need for experienced broadcasters and engineers to help in 
establishing and running the new services until trained replace- 
ments are available. The B.B.C. has assisted in these projects 
by seconding staff, on request from the Colonial Office, and by 
accepting suitable staff from the Colonies and from the newer 
Commonwealth countries for training by the B.B.C. Assistance 
has also been given in surveying the various territories in the 
planning stage in order to provide expert advice on the creation 
and expansion of a broadcasting service. 

In 1960 the number of B.B.C. staff on secondment to the 
Colonial Office had risen to 46, comprising 25 technical and 
21 programme and administrative staff. 

This rapid and large-scale development has helped to create 
an important market for British manufacturers of broadcasting 
equipment of all kinds ranging from complete transmitting 
stations and studio centres to recording equipment and receivers. 


(18) FREQUENCY MEASUREMENT 


Facilities for the accurate measurement of the frequencies of 
radio transmitters are essential to the functioning of international 
frequency allocation plans. Official centres have been established 
for frequency-measurement purposes, and a list of these is 
published by the I.T.U. At present there are 100 stations 
carrying out frequency measurement in 27 countries. 

In the European Zone, these centres are supplemented in the 
field of broadcasting by international measuring stations of the 
E.B.U. at Jurbise, in Belgium, and of the O.I.R.T. in Prague. 
Individual broadcasting organizations in many countries also 
operate their own centres, such as the B.B.C. Receiving and 
Frequency Measuring Station at Tatsfield.43 

The accuracy of measurement has been steadily improved. 
Since frequency is a function of time and its unit is the cycle per 
second, the accuracy with which it can be determined depends 
upon the accuracy of time determination. Much interesting 
work has recently been done in observatories and laboratories 
to reduce the error with which the uniform ‘flow’ of time can 
be determined. Special Uniform Time signals are now radiated 
by the Time Department of Greenwich Observatory (and in the 
United States by the U.S. Naval Observatory) which enable a 
standard frequency to be related to Uniform Time in comparison 
periods of a day or more, with a calculated error of not more 
than +3 parts in 10°. 


* Pakistan, Ceylon, Malaya and Ghana were also represented at one or more of 
these conferences. 


‘ 
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At Tatsfield, precision measurements were made in | 
an accuracy of +2 parts in 10’, which had been impro} 
1959 to +1 part in 108. In terms of time this is equiva 
a clock which does not gain or lose more than one sec; 
approximately 34 years. In favourable circumstances, mé 
ments can be made to the accuracy of the standard, i.e. +} 
in 10°, after correction by reference to the Greenwich 
Service Bulletin. 

Between 450 and 500 frequency measurements are; 
daily at Tatsfield of B.B.C. transmitters alone. Each lon 
and medium-wave frequency is checked twice daily and so } 
v.h.f. sound and television frequencies. Short-wave freqy 
used in the B.B.C.’s External Services are checked at tt 
of each transmission and at three-hourly intervals ther 
Up to 400 measurements a day are also made of foreign: 
missions on long and medium wavelengths, short wavel 
and very high frequencies. 


(19) RELAY EXCHANGES (WIRE BROADCASTIN' 


The development of wire broadcasting by a number of f§ 
the United Kingdom has fulfilled a need for simple and uj} 
reception facilities, especially in areas where direct recep 
unsatisfactory and in blocks of fiats and in hotels where ina@ 
aerials are impracticable. This service is thus complemj 
to the normal broadcast transmissions. ie | 

Sound programmes are generally distributed by wire 
frequencies, and subscribers are provided only with a loucds'f 
and a programme selector switch. Ina few cases a carrier ih 
is used, operating between 62 and 140kc/s, and transi 
several programmes over a single pair of wires. This rai 
special receiving equipment. In some other countre 
grammes are superimposed on the electricity mains or ° 
telephone system, but these methods are not permitted he 

In 1938 there were 325 sound relay exchanges in opi 
with a total of 256000 subscribers. At the end of 19) 
total number of relay exchanges was 552 (207 for soune 
64 for television only and 281 for sound and televisiox 
total number of subscribers was 1074432 including « 
television subscribers. 


(20) ENGINEERING TRAINING 


The problem of maintaining a sufficient number of ~ 
technical staff became acute early in the war, when tex 
staff were called to the armed forces in large numbers a 
broadcasting services were expanded on a considerable 
To deal with this problem, the B.B.C. Engineering Tl 
Department was created. A start was made with sa 
instructors dispersed among B.B.C. centres throughed 
country, and from this small beginning grew the central Eni 
ing Training School near Evesham which was opened in 4] 

Since the war, the technical requirements of the various # 
services have continued to expand, particularly in televisi; 
v.h.f. sound broadcasting. This has created a need for add 
staff in the engineer and technician grades; inevitably, the ( 
also been losses of fully trained staff to other organizatiot 
an increasing rate of normal retirements. Engineering 1) 
ment and training therefore form an important part | 
B.B.C.’s activities. | 

The Engineering Training Department provides traiti) 
broadcasting engineering for all types and grades of tei 
staff.*! Attention is focused on the application of 
principles to the equipment and methods used by the - 
without attempting to duplicate the basic training in el) 
engineering given by the universities and technical college 
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e training Courses are planned and revised as necessary to 
‘the requirements of the sound and television services, 
‘vary as technical development proceeds. A feature of 
rie technique that has aroused considerable interest 
de the B.B.C. is the presentation of highly technical infor- 
on in such a way that it can be readily understood by staff 
gut advanced technical knowledge or mathematics. Seven- 
different types of training courses are now given, ranging 
the basic courses for new recruits in the Probationary 
nical Assistant and Operator grades to specialized refresher 
te established engineers. Courses, followed by an 
Ling tion, are also held for staff wishing to qualify for transfer 
the Technical Assistant to Engineer grades. 
important feature of the Engineering Training School is 
it is fully residential (with accommodation for 240 students), 
giving trainees from different parts of the organization the 
tunity of meeting and discussing their problems and their 
. Trainees have also been accepted from oversea broad- 
Ag organizations, mainly those of the Commonwealth 
tries, Forty-two such trainees were accepted in the year 
-59 for various periods of training from two to six months. 
y of these in turn become instructors on their return 
c. 
le recruitment of fully-trained engineers is difficult in the 
of intense competition. Considerable effort has therefore 
devoted to recruiting boys from the sixth forms of schools 
about 18, who have studied up to G.C.E. Advanced Level 
athematics and physics. This method is likely in future to 
luce the bulk of the B.B.C.’s intake of Probationary Tech- 
| Assistants and Operators. 
scheme has been introduced to provide a sandwich course 
selected 18-year-olds leading to Higher National Diploma 
then to Graduate Membership of The Institution of Elec- 
1 Engineers. This is additional to the long-established 
me for the training of graduate apprentices. 


. (21) ELECTRICAL INTERFERENCE 

1¢ B.B.C. is vitally concerned with all kinds of interference 
h may spoil reception of the programmes by its public, the 
ners and viewers. The enormous growth in the number of 
tical appliances used in the home, in addition to greatly 
sased use of industrial and electro-medical apparatus, has 
€ local electrical interference a major hazard to reception, 
larly since the war. In some areas, severe interference 
} experienced from overhead power lines. The B.B.C. is 
Ore intimately concerned with the technical investigation 
problem and works in close collaboration with the Post 
e, The Institution of Electrical Engineers, the British Stan- 
ls Institution, and other interested organizations, including 
C.LS.P.R. (International Committee on Radio Interference). 
is satisfying to be able to record that, as a result of careful 
nical investigations and consultation, the Postmaster General 
been able to make Regulations under the Wireless Telegraph 
949, for the control of interference caused by the ignition 
ms of motor vehicles and stationary installations using 
nal combustion engines (1953) and by small electric motors 
Tefrigerators (1955). Interference from electro-medical and 
strial heating equipment is under consideration by the 
Master General’s Advisory Committee. 

nfortunately, the fitting of ignition-interference suppressors 
der (pre-1953) vehicles has not been made compulsory, and 
2 Vehicles, though diminishing in numbers, continue to cause 
us interference to television and v.h.f. sound broadcasting, 
icularly in areas of low signal strength. 

l€ investigation of complaints of electrical interference is 


. 
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undertaken by the Post Office; the number of complaints investi- 
gated has steadily fallen during the past four years as is shown 
by the following figures: 


1956 162251 
ORY) 135 994 
1958 123331 
1959 107 877 


This reduction is no doubt due partly to the reduced use of 
long-wave and medium-wave receivers, now that almost the 
whole country is served with all three programmes on yv.h.f. 
transmissions. The v.h.f. services are much less susceptible to 
interference. It is also partly due to a transfer of public interest 
to television. It seems likely, however, that some part of the 
welcome reduction in the number of complaints is a result of the 
introduction of the regulations and of the greater awareness of the 
problem among manufacturers and users of electrical appliances. 

International agreement, and where possible standardization, . 
in matters relating to electrical interference is important. Ata 
Plenary Meeting of the C.I.S.P.R. held in Holland in 1958, 
agreement was reached on standard performance specifications 
for interference measuring sets covering the ranges 0-15-30 Mc/s 
and 25-300 Mc/s. This is an important achievement from the 
point of view of the electrical industry because it means that, 
although different limits may be applied in different countries, 
the measurements are made with the same type of equipment 
so that the manufacturer can satisfy himself that his product 
conforms with the regulations (or voluntary specifications) 
adopted in any country to which he intends to export it. In 
view of the importance of future developments in Europe in 
Bands IV and V, a new specification is now to be drawn up for 
frequencies between 300 and 1000 Mc/s. 

It is not to be expected that international agreement will be 
reached soon, if ever, on the limits to be applied to the inter- 
ference produced by electrical appliances of all kinds; this is 
because the sound and television broadcasting services in different 
countries find it necessary to protect different values of field 
strength in accordance with local conditions. Nevertheless, a 
great deal of useful information has been collected on the 
subject of limits and also on the difficult problem of obtaining a 
satisfactory degree of suppression without infringing the safety 
rules adopted by the C.E.E. (International Committee for 
Electrical Safety). This information is contained in a report 
published by the Central Office of the International Electro- 
technical Commission.** 
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(24) APPENDICES 


National Programme, 1939 


DB. B.C. Long and Medium Wavelength Transmitting Stations 

Regional Programmes, 1939 Station Frequency 
Station Frequency Power Programme ke/s 
; Droitwich ; 200 
ioe. kefs kW ee aos 1149 
oe oorside Edge 1149 
porside Edge 668 65 Northern Westerelen 1149 
ssterglen 767 65 Scottish 
tghead 767 60 Scottish 

The coverage of the above stations was 93% a the population of the United 
ashford .. 804 65 Welsh Kingdom. (Total population, 1931 census 46 180000.) 
omon .. 804 8 Welsh 
ookmans Park .. 877 60 London 
snagarvey 977 100 Northern Light Programme, 1959 
Treland 
sitwich 1013 65 Midland ee Sete 
ut Point 1050 100 West ; a ke/s 
Main T ransmission: 
igshaw . 1122 80 North Droitwich 200 
: ; 1285 2 Scottish Auxiliary Service: 
es i - a Brookmans Park 1214 
evedon P 1474 20 West Burghead 1214 
Lisnagarvey .. 1214 


coverage of the above stations was 89% of the population of the United 
dom. (Total population, 1931 census, 46 18000 0.) 


Home Services, 1959 


Londonderry 
Moorside Edge 
Newcastle 
Plymouth 
Redmoss 
Redruth 
Westerglen 


1214 
1214 
1214 
1214 
1214 
1214 
1214 


Station Frequency Power Programme 
es The coverage of the above stations is 99 % of the population of the United Kingdom 
ke/s 
loorside Edge 692 150 Northern 
hitehaven 692 p Ne 
rom 692 2 orthern 
. “9 Third Programme and Network Three 
urghead 809 100 prow 
edmoss 809 5 cottis 
esterglen 809 100 Scottish Station Frequency 
umfries 809 2 Scottish 
oF ke/s 
a et sian pa Des, cs 
ashford 881 100) Welsh chee ae 2 
texham 881 2 Welsh Newcastle- on-Tyne 
Red 
rookmans Park .. 908 140 London aan 
art Point 1052 120 West as 
arnstaple 1052 2 West Dundes 
: Exeter 
roitwich 1088 150 Midland x 
stwick 1088 7-5 | Midland pees Between 0-25 
= eat and 1 
Liverpoo 
Bo scvey 1151 
ondonderry 1151 O2SanUE SoS POHL 
‘arborough 1151 2 j Northern Redruth 
_° 1151 100, Stockton-on-Tees 
artley 1457 10 West Sena 
‘ighton 1457 2 West 
oo: ' a, a ee The coverage of FAC AR OVE mec a6 69 < of the population of the United Kingdom. 
xh ill 1457 2 West (Total population, census, 
edruth 1457 2 West 
uTOW 1484 2 North The above figures refer to night-time coverage in the absence 
amsgate 1484 2 London of foreign interference; the effective coverage is severely reduced 


Beoverace of the above stations is 93 6 of the population of the United Eanedor. 
al population, 1951 census, 50369 000.) 


" 


during periods of maximum foreign interference, particularly in 
the case of the Home Service stations. 
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(24.2) B.B.C. Stations Transmitting the Home, Light, Third and Network Three Programmes on V.H.F. 


Frequencies Effective 
: radiated power Opening date 
Station Third/ of each 
Network 3 transmitter 
Mc/s Mc/s Mc/s kW 
Blaen-plwyf 88-7 90-9 93-1 60 14.10.56 
Divis Re 90-1 9253 94-5 60 18.3.56 
Douglas (1.0.M.) .. 88-4 90-6 92°8 3-3 | 9.3.58 | 
Holme Moss 89-3 O15 | 93:7] 120 10.12.56 | 
Kirk o’Shotts 89-9 92-1 94-3 120 SOS 7 | 
Llanddona . . 89:6 Qiihets) 94-0 6 202858 | 
Llangollen .. 88-9 91-1 93-3 7 20.12.58 | 
Meldrum : 88-7 90-9 93-1 60 29.3.56 
North Hessary Tor 88-1 90-3 02) 60 7.8.56 
Orkney 89-3 91-5 93/7] 25 max* 2225S 
Peterborough 90-1 92-3 94-5 22 max* 5.10.59 
Pontop Pike 88-5 90-7 92-9 60 20512255 
Rosemarkie 89-6 91-8 94-0 6 12.10.58 
Rowridge 88-5 90-7 92-9 60 4.6.57 
Sandale (Carlisle) .. 88-1 90-3 94-7} 120 18.8.58 
92-5} 
Sutton Coldfield 88-3 90-5 92-7 120 30.4.57 
Tacolneston (Norwich) 89°7 91-9 94-4 120 30.4.57 
Thrumster .. 90-1 92-3 94-5 10 max* 1.3.60 
Wenvoe 89-95 96-8 94-3] 120 
92-125§ 
Wrotham 89-1 91-3 9355) 120 
* Directional aerial. 
+ Scottish Home Service. 
~ North Home Service. 
§ West of England Home Service 
|| Welsh Home Service. 
The population coverage of the above stations is 97-3% of the population of the 
United Kingdom (250uV/m contour). (Total population, 1951 census, 50 369 000.) 
(24.3) Proposed B.B.C. V.H.F. Satellite Transmitting Stations 
for the Home, Light and Third Programmes 
Stage I Stage II Until sites have been chosen and technical operating: 


Fort William 
Galashiels area 


ce aon Pies /Aberfeldy estimated, however, that the 21 v.h.f. stations will increas 
Riniochieven Shetlanc coverage by some 990000 (1:96%), and give improved s« 
Oban Skye for a further 1200000 people. | 
Oxford/Berkshire (Four sound East Lincolnshire Stage 1 is due to be completed during 1961 and 1962:| 
- pron emis) Bor rcl ater ASEEER struction of the stations in Stage II is proceeding concur! 


Les Platons, Channel Islands 
Londonderry 


Forfar, Angus 
Grantown-on-Spey 


Sheffield 
South-West Scotland 


ditions agreed, it is not possible to predict exactly the img} 
ments in coverage which the above stations will achieve. . 


and it is expected that most of the stations will be complet! 
the end of 1963 and the remainder in the spring of 1964. 
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Ist September, 1939 
29th July, 1945 


29th September, 1946 
2nd May, 1955 
Ist September, 1957 


13th and 14th January, 
1958 


18th October, 1958 


24th June, 1959 


20th May, 1960 


8th September, 1960 


Single programme (Home Service) rey 
pre-war National and Regional Prograi 


Post-war programmes introduced—Hon 
vice and Light Programme. 


Third Programme introduced. f 
V.H.F. sound broadcasting service 
(first transmitting station, Wrotham, | 


Network Three introduced (using the 
Programme transmitters outside © 
Programme hours). 


First modern stereophonic test trans 
(London transmitters only; 11th an 
May, 1958 from transmitters thro 
the United Kingdom). 


Regular fortnightly experimental stereo 
transmissions began (using Network 
and television sound transmitters th 
out the United Kingdom). 


B.B.C. satellite transmitting station 
announced (Stage I); includes 1€ 
sound stations. 


Stage II of B.B.C. satellite trans 
stations plan announced; 11 static 
v.h.f. sound included. 


Announcement by Postmaster Gene 
Committee of Inquiry into the - 
of Sound and Television Broad 
(Pilkington Committee). 


17.331 : 621.391 


SUMMARY 


id saving in television transmissions can be achieved by utilizing 
-dancies in single lines, between lines, between fields and between 
‘s. The method of contour interpolation exploits the last two. 
yased on the facts that (a) field and frame frequencies in conven- 
| television transmission had to be chosen with a view to reducing 
t rather than for conveying more information, (6) the eye fixes 
y on contours which are usually the edges of objects, (c) these 
furs are usually smooth enough to allow interpolation over 
ine spacings, and (d) changes from one picture to the next come 
mostly by the horizontal motion of objects which are sufficiently 
tm to allow interpolation over at least two frame intervals. 
is almost no loss in information or picture quality if the inter- 
frame is suppressed in the transmission and reconstructed in 
eceiver by interpolation between the lines of the transmitted 
and there is not much loss if only one field in four is transmitted. 
e method of contour interpolation the reconstructed edges are 
arp as the originals and appear in their correct positions, i.e. in 
jositions which they would occupy if the edges were straight in 
| sections, and if their motion were uniform for short times. 
waveband gain can be estimated as 4:1 without appreciable 
joration in picture quality, and 8:1 if some deterioration is 
red in the case of rapid and vertical motions. In combination 
‘other methods which utilize redundancies in single lines and 
h by themselves achieve a gain of 3 : 1, total compression ratios 
: 1 to 24 : 1 appear feasible. 
le principle was realized and tested in a photo-mechanical model 
ing at low speeds. Electronic realizations are proposed and 
issed, : 


1) INTRODUCTION. MAXIMUM REDUNDANCY IN 

Wy TELEVISION TRANSMISSION 

has been obvious for a long time that the standard system 
slevision is a very wasteful method of transmitting visual 
rvation. It will be of interest to start by estimating the 
imum saving in waveband which could conceivably be 
zed if we were not bound by any economic considerations 
le terminal equipment. 

1¢ bandwidth in television has been chosen with a view to 
st satisfying the foveal, i.e. the maximum acuity of vision. 
400-line 21 in picture, viewed from a distance of 5 ft a line 
ends about 2’ of arc, which is about twice the foveal resolu- 
In practice, with a 2: 1 interlace the vertical definition 
sponds to only about 0:6 = 400 = 240 lines (with a Kell 
Ir of 60°), which brings the effective line width to about 
times the eye resolution limit. Even this rather unsatis- 
ry compromise is achieved at the cost of an enormous 
nel capacity. If we want to estimate the maximum saving 
h might be effected, we must first remember that the fovea 
ends an angle of only 1°, which at a distance of 5ft corre- 
ds to rather less than 1/200 of the screen area. 

We set out to make use of the large potential saving, which is 
ested by the smallness of the fovea, we must first realize a 
facts about human vision. Psychologists assure us! that 
ye can accept information at the rate of almost 50 bits/sec. 
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Yet we can ‘take in’ a whole unknown landscape at a single 
glance, and we have the subjective impression that we see 
everything within a solid angle of almost 27 with perfect acuity. 
The reason is evidently that even the peripheral acuity is sufficient 
to recognize familiar objects, such as trees, houses, etc., and 
until the fovea has had time to scan these, we substitute standard 
trees, etc., for them, out of our store of visual memory, which 
approximately fill their contours. We become aware of the 
slowness of our intake only when we are faced with unfamiliar ~ 
objects, such as complicated anatomical preparates, or a detailed 
drawing of a jet engine. In such cases we have to scan the 
picture slowly and rather painfully, line by line, and do not get 
the feeling that we have really ‘taken it in’ for several seconds 
or minutes. 

No television system is conceivable which takes full advantage 
of this limitation of vision, unless by some signals transmitted to 
the eye muscles it could force its millions of viewers to scan the 
picture in perfect synchronism. But, in principle at least, we 
could do almost as well, so long as we are satisfied with trans- 
mitting scenes only, or at the most only small unfamiliar objects. 
The transmitter will then have to be a recognizer of sufficient 
intelligence to pick out areas containing foliage, grass, crowds, 
wallpaper patterns and the like, sending to the receiver the 
approximate contours and code numbers for substituting the 
nearest standard pattern. The substituted background will be, 
of course, spurious in detail but sharp, and the fovea will be 
perfectly satisfied when it scans over it. It is interesting to 
note that many of these patterns, like foliage, grass, a choppy 
sea, etc., are just those which by their ‘noise-like’ character tax 
ordinary television transmission to the limit of its capacity, and 
yet they are of very little importance to the information trans- 
mitted in the sense of ‘telling a story’. After having covered 
most of the picture with standard substitutes only a small 
fraction of the area must be left, such as the faces of the principal 
actors, which must be transmitted in true and full detail. Asa 
rough estimate, in something like 80% of television trans- 
missions this area could be restricted to perhaps 10 foveas, i.e. 
5% of the total. But here again, by means to be discussed 
later, a saving of about 4: 1 could be effected by making use 
of the point-to-point redundancy. Making an equal allowance 
for the background, the information transmitted per picture 
might thus be reduced to 2°5%, giving a saving of 40: 1. 

A further saving (again at the expense of a minority of 
scenes) could be effected by transmitting changes only, i.e. 
holding or repeating the unchanged part of the picture by 
some storage system in the receiver. This has often been 
proposed, and the familiar objection that a panning camera 
would upset the system could be met in principle by embodying 
in the receiver a system for effecting geometrical transformations, 
so that only the newly appearing picture parts need be trans- 
mitted. There’ is, however, an absolute limit to this, because 
the viewers would certainly object if it took more than about 
1/4sec to build up a new picture, instead of 1/25sec as at 
present. This gives a potential saving of 6-25: 1 in picture 
sequences, and hence an overall bandwidth saving of 250: 1. 

We want to make it clear that we do not believe this to be 
the television system of the future. In all probability it will 
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never be economically justifiable. It is a minor objection that 
we are still very far from being able to construct a machine 
with enough visual intelligence to divide up a picture into 
familiar types of objects such as trees, grass, human figures, etc. 
There is every hope that this difficult problem, which is of the 
greatest intrinsic scientific interest, will be solved some time, and 
one could well afford a very complicated machine at the trans- 
mitter end. Picking out the objects, such as the faces, hands, 
etc., of the principal actors which are of interest for the story 
appears to call for even higher intelligence, but this could be 
short-circuited by some special paint, visible to the camera but 
not to the viewers. The bottleneck is not in the transmitter 
but in the receiver, which would have to be of such complication 
that it could never be seriously contemplated as a home receiver. 
Our object in discussing this ideal picture transmission system 
in some detail is rather to point out that the estimates of 
potential compression based on contrasting the 50 bits/sec of 
visual intake with the 3-5 x 10’ bits/sec of television channels 
are widely unrealistic. This suggests a potential compression 
of the order of a million, while our rather optimistic estimate is 
about 250—and this at the cost of excluding a rather important 
class of transmissions, such as ballet pictures, large orchestras 
and scientific demonstrations of very unfamiliar objects. 25 : 1 
is not even sufficient for transmitting television through tele- 
phone lines, which is often mentioned as a practical aim. 


(2) PREVIOUS ATTEMPTS AT TELEVISION BANDWIDTH 
REDUCTION 

Shannon’s information theory can classify all attempts at 
bandwidth reduction in communication problems, although in 
a way which is not completely satisfactory when applied to 
television systems and other problems in which the receiver is 
the human sensory system. The situation visualized by Shannon 
is as follows: A source transmits a range of signs numbered 
1 ..i.. N with probabilities p;. If these probabilities were 
equal, i.e. p; = 1/N, they would require log, N bits/sign for their 
transmission, assuming a noiseless channel. If the probabilities 
are unequal, they require on average 


N 
H = — > p; log, p; bits/sign 
i 


which is always less than log, N. A coding method can be 
found which transmits messages from this source in long 
sequences with H bits/sign, with an error which can be made 
arbitrarily small. The bandwidth required to transmit these 
signs at a certain rate can then be calculated with the well-known 
Shannon-Tuller formula. 

The difficulty in applying Shannon’s formula to television 
transmission lies in the fact that there is no simple answer to the 
question of what the human receiver will accept as distinguish- 
able communication signs. In the previous Section we have 
tried to make the tolerance as wide as possible, by assuming 
that outside the narrow foveal field the eye will accept, for 
instance, standard grass for the infinite variety of real grass, 
so that the major part of the picture is defined by outlines, 
filled with say a few hundred or thousand standard patterns, 
Such a radical step in reducing the code has not yet been 
attempted. All attempts of which we know identify the signs i 
with small groups of adjacent picture points in one field. Most 
of them consider picture points in one scanning line. 

In order to reduce the television problem to Shannon’s 
discrete coding some sort of quantization is required. Goodall? 
has investigated the number of levels acceptable to the eye. It 
appears that 32 levels are the minimum for gently shaded areas, 
while much cruder quantization can be allowed at contours and 
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in high-frequency regions. This has suggested a soutif 
band saving to several authors.2-> Kretzmer® has show: 
the probability distribution of the 32 levels, the so-calle 
order statistics’, is so nearly even that optimum coding; 
only an insignificant gain on the 5 bits/point required by /f 
form distribution. For larger gains at least two conse 

points must be considered, making use of the so-called “s 
order statistics’. If one knows the amplitude at a p 
described by a sign i, the amplitude j at the point n + 1 
rather narrow conditional probability distribution p;(/), ‘f 
sharp maximum at j = i, i.e. at ‘no change’. Schreibner 
Stoddard® have measured the second-order probability 
tribution, and Stoddard obtained a conditional entroig 
1-24 bits/point for a typical 32-level television picture. | 
is to say that, by making use of the correlation spit 


— QO 


secutive picture points, it is possible to recode the ampliti 
a4: 1 reduced waveband. 

The suggestions made by Schréter? and by Chereyp 
Gouriet!® can be considered as realizations of the gain in} 
in the use of point-to-point conditional or ‘transition’ pre 
ties. These authors propose scanning the lines at va 
velocity, fast where there is little change and slowly whe 
amplitude is steeply changing. Gouriet!! proposed to me 
the ‘picture detail’ by the square of the rate of amplitude oly 
and to make the scanning speed inversely proportional % 
One of the authors (in the Appendix to Reference ‘€ 
pointed out that for a very plausible law of transition probsi 
the Cherry—Gouriet method is equivalent to ideal coding} 
point-to-point basis, i.e. it realizes complete equalization jj 
rate of information transmission. In practice, this cannfk 
fully realized, because it is not possible to scan uniform raj 
at infinite speed; 3 : 1 appears to be the largest variatii 
speed which can be realized without instabilities in the c 
loop system. This corresponds very nearly to a compr 
ratio of 3:1. A further improvement has been suggests 
Cherry, Prasada and Holloway!” in an ‘open-loop’ syst) 
which use is made of the smaller number of quantized 
required in regions of high picture detail, and in whid 
information is sent out again at a practically uniforms 
We will refer to these schemes as ‘rate-equalization’ mes 
It may be noted that no great improvement is to be ex 
in these beyond the ratio of 4:1, because Schreiber! 
measured ‘third-order statistics’ and found that the incren 
gain is disappointingly low. Gouriet’s estimate!* of a po 
gain of 7 : 1 is rather out of harmony with these estimates.; 
possible that even 4: 1 is somewhat optimistic, as Stod 
figure was based on the statistics over a whole picture, ap 
practical difficulties in attempting more than line-by-line « 
are formidable. Even using line-by-line coding it is very @ 
to make corresponding points exactly coincide after the dec 
It appears that Youngblood’s!> interesting suggestion of 
tizing the rate of change instead of the amplitude levels 
because of this difficulty. Though abrupt level changes : 
line were eliminated, they appeared between one line ani 
next. 

The importance of exactly transmitting the positions of < 
amplitude changes, such as occur at edges, at the expense : 
conspicuous detail was recognized at an early stage.34 
particular interest is the system of ‘synthetic highs’ prc 
by Schreibner, Knapp and Kay,!® in which the positio 
height of edges is transmitted in a coded form in a rate-equ: 
system, and a low-definition directly-transmitted picture is ; 
posed on the sharp contours in the receiver. 

While the systems so far described are based on proo 
the information contained in one horizontal line, some att 
have also been made to exploit vertical correlations, fro 


— 


ae. A scheme in which the next line is predicted and only 
surprise’ difference is transmitted was investigated (together 
| Other applications of linear prediction in picture trans- 
jon) by Harrison.!7_ Work on this was continued by Julesz!8 
(Cunningham,!” who proposes interpolation in 3 x 3 and 
5 sample blocks. 

ie wish to exploit correlations between consecutive frames is 
id as television itself; it would be difficult to name the 
or who first proposed to leave the static parts of the picture 
ling and to write in only the changes. The modern 
lopment of storage tubes, in particular the invention of 
tive erasure,?° has made such schemes technically but not 
st economically possible. 


4 
, 


3) PRINCIPLE OF CONTOUR INTERPOLATION 


ir proposals for waveband reduction are based entirely on 
exploitation of the correlations between consecutive fields 
consecutive frames.* These are independent of the correla- 
\ in the contents of single lines, and hence whatever gain 
thievable by our system can be multiplied by a factor of 
if it is combined with a line-by-line compression method. 
ght from the start television had to make a concession to 
flicker sensitivity of the human eye by introducing the 
interlace, in which 50-60 fields (half-pictures or half- 
es) are presented instead of 25-30 full frames. By this 
yst one-half of the vertical definition was sacrificed, because 
ina very carefully adjusted receiver the subjective impression 
‘picture with 400 lines composed of two interlaced fields 
200 lines is equivalent to not more than 240 lines, and in 
[receivers to only 200. Thus it can be said that the inter- 
i field contributes almost nothing to the information; half 
waveband is sacrificed for the suppression of the flicker. 
follows that it must be possible in principle to halve the 
sband without loss of information if an alternative way is 
id to reduce the flicker. In cinematography 24 full pictures 
projected, each shown twice, and 16mm projectors achieve 
icceptable effect with 16 pictures, each shown three times. 
etition in television could be achieved by attaching to the 
iver tube a memory device storing a full picture, or, better, 
sing a storage tube for the display in which the old picture is 
sd just before the new one is recorded. A somewhat better 
it could be obtained by merging one frame continuously into 
next, by superposing the new and the old frame in con- 
usly changing proportions, as is done for instance in the 
hau projector. We will refer to this method as ‘linear 
polation’. 

ll these methods are far too complicated and expensive to 
mbodied in domestic receivers. At present, one can con- 
late any sort of complicated information processing only in 
’ stations, which ultimately transmit standard interlaced 
3 to the home receivers. It was with this application in 
that one of the authors (D. G.)*! proposed transmitting 
‘one field out of two, and constructing the missing inter- 
[field by a method called ‘contour interpolation’, which is 
rior both to repetition and ‘linear interpolation’. 

le method is based on the physiological fact that the eye 
With preference on outlines, i.e. loci of abrupt amplitude 
ges, and on the common observation that most outlines 
ontinuous. The principle is explained in Fig. 1. 

l@ two diagrams show, in their first and third lines, the 
sity distributions along two consecutive lines of a field 
h has been transmitted and received, while the middle line, 
h belongs to the interlaced field which was not transmitted, 
le use the nomenclature in which a ‘frame’, which we use synonymously with 


e’, consists of two interlaced ‘fields’. This terminology has the advantage that 
not be misunderstood on either side of the Atlantic. 
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Fig. 1.—Linear and contour interpolation. 


(a) Linear interpolation. 

(6) Principle of contour interpolation. Two scanning spots are moving on two 
next-but-one lines, normally with constant speed v. When one of these arrives at an 
edge it stops and the other moves on with double speed until it has also reached the 
edge. The intensity in the interpolated line is the arithmetical mean weighted with 
the scanning speeds. 


| AS 
p— a: S pach! 


must be constructed in the receiver by some method of inter- 
polation. Both examples relate to a slanting contour which 
separates two areas—one dark and the other bright. It may be 
assumed that the two received lines have been stored in some 
sort of storage device. In the upper diagram, which shows the 
method of linear interpolation, these lines are scanned by two 
spots, both running with the same speed v, and the intensity J 
in the missing line is approximated by the arithmetical mean 
of the two intensities J, and J,, 


I(x) = 4) + £0] 


This is perfectly satisfactory for gently shaded areas, and also 
for vertical edges, but if the contour is slanting, a stepped 
amplitude profile arises, which, as will be shown later in practical 
examples, falls far short of achieving the purpose. 

In the method of contour interpolation the two spots run with 
equal speeds v until one of them reaches an edge, i.e. a position 
where the intensity changes at more than a certain predetermined 
rate. Here it stops, while the other spot, which has not yet 
reached the contour, moves on with a speed 2v, so that the 
interpolated spot, midway between the two, moves on with 
constant velocity v. This continues until the second spot has 
also reached the contour, after which the retarded spot gradually 
catches up with the other, until both move again with the same 
speed v. This is the kinematic rule. The intensity ruie is that 
the interpolated intensity J is formed as the arithmetical mean 
of the two intensities, but weighted with the velocities, i.e. 


V41,(X1) + Valo(x2) 
Vy + v2 


I[4(Qx, + x2)] = 


It may be noted that the denominator is constant, as v, +2 = 2v. 
It can be seen that this rule is equivalent to linear interpolation so 
long as the two spots move together with the same speed, but 
at the instant at which the first spot is arrested the information 
is transferred to the one which now moves with double speed. 
The interpolated edge then appears at the position at which it 
would be if the contour in question were straight, which is the 
best estimate one can make in 2-point interpolation. 

12 
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The method breaks down, of course, if the contour is so nearly 
horizontal that one of the scanning spots misses it. In that case 
an instruction must be embodied in the device to the effect that, 
after a certain maximum searching time, the two scanning spots 
must equalize their position. 

The principle has been explained in its application for con- 
structing the missing field, but it is evident that it can be equally 
well applied to the interpolation of missing frames. In that 
case the upper and the lower lines in Fig. 1 represent the same 
line as in the interpolated frame. There is again a good 
statistical reason for adopting this method of interpolation, based 
on the common observation that most of the changes in our 
world are due to moving objects, and most movements are 
horizontal. The upper and lower intensity profiles, J,(x) and 
I(x), represent the positions of the outline of a moving object, 
and the assumption is that the motion can be well enough 
approximated by linear displacement, i.e. constant speed of 
motion. 

In its application to frame interpolation the method will break 
down if the motion is so rapid that the second scanning spot will 
not find the edge in the allowed searching time. Assume, for 
instance, that we allow a searching time corresponding to 
10 picture points, which is about 1/50 of a line. If we leave 
out one frame in two, this means that the time interval between 
them will be 1/12-5sec, i.e. objects must not traverse more 
than one-quarter of the whole picture width in 1sec. This is 
no serious limitation, because movements faster than this will 
appear jerky even in ordinary transmission, with 50 fields/sec. 
A more serious limitation is that the interpolation method does 
not operate in the vertical direction. It is true that by far the 
greater part of movements is horizontal, but the movements of 
the mouth form an important exception. It therefore appears 
likely that 12-5 fields/sec (15 fields/sec with U.S. standards), 
i.e. a compression ratio of 4 : 1, will be the limit to which one 
can go without appreciable impairment in picture quality. 

There may be applications in which the advantages of reduced 
bandwidth will outweigh the disadvantages of some jerkiness 
in vertical movements. In that case one could well go to a 
compression ratio of 8:1. Fig. 2 shows two ways in which 
only one field in eight is transmitted, and the seven missing fields 
are reconstructed. In Fig. 2(a) this is done by repeated midway 
interpolation. As soon as field 1 is received, field 2 can be 
constructed by contour interpolation between two consecutive 
lines. The interpolation of the others must wait until field 9 
is received. From this and field 1 first the field 5 is constructed, 


Fig. 2.—Scheme of television transmission systems with 8 : 1 
compression. 


(a) By repeated mid-way interpolation. 
(6) By proportional interpolation. 
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by interpolation between their corresponding lines, and thilf 
fields 3 and 7, by interpolating between fields 1-5 and field| 
respectively. The even fields are constructed by interpo 
between the lines of the odd fields. | 

Fig. 2(b) shows the somewhat simpler method of “propor 
interpolation. Corresponding lines in fields 3, 5 and 
reconstructed from those received in fields 1 and 9 by assij 
that the movement of the edges was linear. This mear 
if, for instance, the scanning spot on line 1 stops and thi 
line 9 moves at double speed, the writing spot on line \} 
have to move at half speed. The intensity on this line wili} 
to be the sum of J; and Jp, weighted in the ratio 3:1. .ff 
writing spot moves at half-speed the total intensity m 
halved, so that the previous intensity rule now changes to; 


B( 2) i REIRCD + In(xo)] 
However, if the spot on line 9 stops first, the spot will} 
with 3/2 normal speed, and thus the factor at the righ 
have to be 3/8 instead of 1/8. The rule for line 7 will a) 
be similarly modified (with 1 and 9 interchanged), wit 
rule for line 5 is the one for midway interpolation. The 
struction of the even frames 2, 4, 6 is as before. 

It is important to realize that contour interpolation, wi 
between fields or between frames, taps a source of redum 
quite independent of the one utilized in line-by-lined 
equalization methods, in which correlations between psi), 
one line are exploited. Combinations of the two = 
therefore result in a multiplication of the band-saving 
If, as is likely, line-by-line equalization methods are capaj 
yielding a saving of 3 : 1 and contour interpolation savi}, 
4:1 to 8:1, combination of the two systems will be ¢ 
of producing compression ratios of 12:1 to 24:1. Ti 
figure comes near to one-tenth of the value which wel 
previously estimated as the ultimate limit of all band- 
methods. 


(4) REALIZATION OF CONTOUR INTERPOLATION 
PHOTO-MECHANICAL PICTURE TRANSFORMER 
It was decided to demonstrate and test the principle 4 
low speed, realized by mechanical-optical means, in a ‘ff 
transformer’ in which every second line of a photogr. 
scanned, and the missing line is reconstructed by contour 
polation. This choice was dictated by the available func 
construction of a full-speed television compression system | 
have required a considerable capital outlay for the purchl 
storage tubes. The picture transformer has, however, a ¢ 
interest in itself, as it could be used for a 2 : 1 saving in 
width or time for pictures transmitted by radio or by cabh 


(4.1) Mechanical and Optical Design 


A complete drawing of the picture transformer is she 
Fig. 3. The casing forms two light-tight compartmenti 
one at the left contains the transmitter, and the one 
right the receiver. Running through both is a hollow s| 
which carries a picture drum for reading at the left, and 
drum for recording at the right, both 60mm long and ° 
in diameter. While the rotation is imparted to the dru 
the hollow spindle, the longitudinal motion is derived f 
rod inside the spindle, which engages the drums by pegs Pp 
through longitudinal slits in the hollow spindle. At itss 
hand end this rod is threaded with a pitch of 0:3 mm and e£ 
with a stationary nut. Both the reading and recording 
are therefore scanned with 200 lines on their length of 6 
and as the reading and writing spot sizes are adjusted to 01 
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this means scanning every second line in a photograph which 
measures 60 x 70mm. 

The optical system is shown in Fig. 4. The light source, 
which is a 150c.p. lamp, illuminates through a condensing 
lens an aperture plate with two holes. The lower one serves 
for the main beams, for reading and writing, while the top 
hole is the source of the pilot beams, shown dotted, which 
actuate the controls. These beams start from the holes as 
conical bundles, but in order to simplify the representation 
only two rays are shown in each. They first go, as one 
bundle, through the lozenge-shaped signal-distributor aperture, 


PHOTOCELL 


OSCILLATING 
MIRRORS - 


REFLECTING PRISM 


POINT LIGHT SOURCE 


~S DOUBLE BEAM g 
<b __SPLITTER 
=a 


READING MICROSCOPE 
OBJECTIVE REFLECTING 
PRISM SIGNAL DISTRIBUTOR 


| > wriTINe MICROSCOPE OBJECTIVE 


ve 


Fig. 4.—Optical system of the picture transformer. 
—— Main beams. -—~--— Control beams. 


whose function will be explained later. They are each split 
into two partial beams (i.e. four partial beams altogether) 
by a pair of biprisms, which separate the beams and collimate 
them. The two control beams pass through a beam-splitter 
prism, while the two main beams pass underneath it. This 
beam splitter operates usefully only on the returning beams; in 
the first passage it causes only an unavoidable loss of light in 
the control beams. After this, all four partial beams pass 
through a reflecting prism, which throws them on two oscillating 
mirrors at nearly 45° to the horizontal, and from these into a 
microscope objective. This is a 30 x 0:5 NA objective with 
6mm focal length, which produces on the reading drum four 
small images of the original apertures, all 0-15mm diameter, 
arranged in a square of 0:30mm side length. This means that 
the reading spots are scanning two lines, with one missing, and 
the pilot spots are the same distance ahead of them. 

The reflected light now returns through the optical system, 
along the path. A fraction of the returning control beams, 
which report the density of the photograph at the position of the 
pilot spots, is split off by the double beam-splitter prism, and 
thrown on two photocells. The two main beams return through 
the aperture of the signal distributor, and are united in a spot 
at the right, which is the mirror image of the original aperture 
with respect to the beam-splitter prism at the centre. This spot, 
which is of the dimensions of the original aperture, contains a 
mixture of the two beams, in the proportion as they pass through 
the signal distributor aperture. It is imaged by means of a 
lens and two reflecting prisms through a microscope objective 
on the photographic film. As the spot is nearer to the film 
than the original aperture is to the scanned photograph, at this 
side we have used an objective, 40 x 0-7 NA, 4mm focal length, 
so as to obtain a writing spot of the same size (0-15mm) as the 
scanning spots. 


As the intensity in the writing beam may well be asjj 
as 1/100 or even 1/1000 of the original beam intensity, i 
the greatest importance to avoid reflections in the optical sj 
on the transmitting side. Blooming of the optical surfa 
quite insufficient. We have eliminated reflected images ¢ 
illuminating aperture by rigorously avoiding optical surfae 
right angles to the beam. Though, for simplicity, the refld 
prisms are shown as 45°-90°-45°, the angles were in 1 
48°-84°-48°, the beam splitter is not a square but log 
shaped, and the biprisms are slightly skewed. Otherwisi 
reflected light would have drowned the picture signal ij 
darker parts of the photograph. 

The system as described, with the signal distributor 
placed symmetrically, would produce a 50/50 mixture of th 
scanned lines, i.e. it would produce linear interpolatios 
becomes a contour interpolating system by virtue of ¢ 
accessories and controls which will now be described. 


(4.2) Control System 


A block schematic of the system is shown in Fig. 5, sh 
generalized, so that it applies also to the case of conti 
transmission. In the general case the input store need not 
more than the previous line, while in our picture trans? ih 
this is the photograph, which stores all lines. Two lise 
scanned, each in two places. The main scan is shown ir ¢ 
lines, and the pilot scan in thin lines. In the picture trans: a 
the scanners correspond to the two oscillating mirrors or “|| 
the reading-microscope objective. The pilot spots repsc 
image amplitudes to contour detectors which measure ti 
of change, and if this exceeds a certain critical level thea 
come into action. Two actions must be performed. Onei 
change in scanning velocities, so that the spot which has | 
a contour stops, while the other starts at double speed. 


CONTOUR AM ES 
cree = ES 
' DETECTOR GATE INTERPOLATE 
A OUTPUT 


SCANNER 


Fig. 5.—Block diagram of a 2 : 1 contour interpolation syst 


Main channel. -—-—- Control channel. 


effected by a velocity modulator, which in the case of the 11 
transformer is an electromagnetic actuator, to be des 
later. The other action is a transfer of the signal to thi 
which has not yet found the contour, and scans at double sf 
This is done by a signal distributor; in the picture transk 
this is the lozenge-shaped aperture in Fig. 4. It is movedd 
electromagnet, which is also controlled by the control « 
The signal, with the properly weighted components, is put 
output store. In the picture transformer this is the - 
graphic film. In the case of continuous transmission thisit 
be a transient store, scanned with an appropriate delay. 


(4.3) Velocity Modulator 


‘velocity modulator is shown in Fig. 6. Its purpose is 
st one of the spots, i.e. to let it move with the photograph, 
nas the corresponding pilot spot reports a contour, and 
ke the other move with double speed. This means that 
1 equal and opposite angular velocities must be applied 
two mirrors, which normally are stationary, at 45° to the 
tal. The time available for this acceleration corresponds 
“delay between the pilot spot and the scanning spot, and 
te order of 1/100sec. 
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\ 6.—Velocity modulator. 


> mirrors and the steel shafts which carry them are arranged 
yalance arm, made strong and light, out of a steel channel 
aluminium bearings. This is held by a Perspex torsion 
36 that the balance arm can be slightly tilted against the 
ontal. The resonant frequency was about 120c/s and the 
ations were almost aperiodically damped owing to the 
rable properties of Perspex. 
line with the steel shafts which carry the mirrors, and which 
jade hollow, are two longer steel shafts, which penetrate 
them so as to ensure good flexural stability. They carry 
sir ends steel levers, in the form of narrow segments of a 
ar disc knurled at the outside. These discs have a slightly 
er diameter than the width of the circular slots in the brass 
8 at both ends. The brass flanges are fixed on the hollow 
le which carries the drum, i.e. they revolve with it but do 
ake part in its axial motion. The inner and outer faces 
e circular slots are knurled to ensure good friction. A 
small tilt of the balance arm corresponding to a movement 
out +0-005in will engage one steel lever with an inside 
s R;, the other with the outside radius R,, of the brass 
ss. Thus the levers will start turning with angular speeds 
Ir, and +R,/r. times the angular speed w of the main 
where r, and r, are the radii of the levers, inside and 
le, We make R,/r, = Ro/r2 = R/r. The spots will then 
isplaced relative to the drum surface with velocities 
Rir)w, where f is the focal length of the objective. (The 
- 2 originates from the doubling of angle at the reflection 
tins mirror.) Let Rp be the radius of the picture drum. If 
ant to arrest one of the spots, we must have 
P 2fR/r = Rp 
r case f= 6mm, R = 35mm, r = Smmand Rp = 12:7 mm, 
lence the left-hand side is about 6:5 times larger than it 
to be. We had therefore to introduce an angular reduc- 
between the outer steel shafts and the mirrors. This 
anism (which can be also considered as a torque amplifier) 
sts of two steel spring wires, parallel to the shaft, and two 
Wires- connecting them, one engaging with the outer 


. 
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shaft and the other with the inner. By properly choosing the 
ratio of their distances from the clamping point the required 
angular reduction could be very exactly realized, without any 
sacrifice in the frequency response of the device. 

The angular reduction is also convenient, because without it 
the excursions of the steel levers would be rather microscopic, 
and the criteria for the allowable slip between them and the 
knurled brass surfaces might be too exacting. With an objective 
of f= 6mm and a spot size of 0-15mm the mirror tilt per spot 
width is only 1/80, or 43’.. With an angular magnification of 
6:5 this becomes 0:08 = 4° 4’, which corresponds to 0:-4mm 
at the end of aSmm lever. Thus an error of not more than one 
spot width can be realized with a knurl of a period of 0°:-4mm, 
or less. If one allows a maximum searching interval of ten 
picture points, the maximum angular excursion of the levers 
will be +5 x 4° 4’ = +23°. This searching time is sufficient 
for all contours having an inclination of more than 1 : 5 to the 
horizontal. 

The balance arm, stabilized by the rather rigid Perspex 
torsion bar which gives it a resonance frequency of 120c/s, 
requires appreciable forces for its actuation. After some trials 
with piezo-electric benders we turned to the magnetic actuators 
shown in Fig. 6. The balance arm carries near its ends two 
roof-shaped armatures of laminated Stalloy. These fit into the 
wedge-shaped gaps of C-cores of grain-oriented silicon steel, 
each with 1500 magnetizing turns. The current required for 
the tilt is 50-60 mA. 


(4.4) Signal Distributor 


If there is no edge in view, the interpolated signal is a 50/50 
mixture of the two intensities J, and J,. This is achieved by an 
aperture, which can be, for instance, lozenge shaped, as shown in 
Fig. 4, and which cuts out one-half of each beam when it is in 
the symmetrical position. As soon as the contour interpolation 
mechanism gets into action the information must be transferred 
to the moving spot, while the signal derived from the arrested 
spot must be cut out altogether. 

Our original intention was to reduce the inertia of this organ 
to a minimum by making the mask from a piece of photo- 
graphic film, heid in equilibrium by two light rubber springs, and 
to move it to the right or to the left by friction wheels, per- 
manently rotating in opposite direction, and brought into 
contact with the film alternatingly by means of piezo-electric 
actuators. This is similar to the system used in magnetic-tape 
machines for computer stores, which can accelerate the tape to 
full speed in 2-3ms, but we found that it requires a very high 
degree of workshop accuracy for its efficient realization. At 
the speeds at which the velocity modulator responded satis- 
factorily, a much simpler magnetic device, shown in Fig. 7, was 
quite sufficient. 

A mask cut into a T-shaped aluminium strip is fixed at the 
base to a torsion organ, formed by a steel strip. Apart from 
being able to tilt, this strip can also move a little up or down. It 
carries a 3-section armature, with small Swedish iron pieces 
attached to a light frame (a ferrite armature might be better). 
Three silicon-steel C-cores, wound with about 1500 turns, are 
fixed below these in an Araldite block. When the central core 
is magnetized the armature is made to sit down on it, thus 
forcing it to return to the normal position faster than if this were 
left to the restoring force of the steel torsion piece. When the 
control mechanism reports an edge, the central core is de- 
magnetized and the armature is made to tilt towards one side 
or the other. The amplitude is limited in such a way that the 
unwanted beam (corresponding to the arrested scanning spot) 
is just cut off. A switching time of 5ms was experimentally 
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realized; this is quite sufficient in view of the limitations of the 
velocity modulator. The windings of the side cores are directly 
in series with the windings of the magnets, which actuate the 
velocity distributor. 


OSCILLATING LIGHT BEAMS 
MASK 


STEEL STRIP 


ARALDITE 
BLOCK 


Fig. 7.—Signal distributor. 
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signals are further amplified, limited, differentiated and cli 
provide a clean negative spike train indicating the leadin 
of transitions. The circuit is provided with a cathode-f 
output. The channels are provided with separate pict 
controls to compensate for unequal optical attenuations 
control tracts, and the contour threshold controls are 
together. 

The tri-stable circuit operates in a way dependent u 
presence (or not) and on the inter-channel time displace ¥ 
trigger pulses received from the contour sensing circuit 
circuit must be bisymmetrical in the unstable state; the ar 
a pulse on either channel indicates a detected contour, ¢ 
following pulse, arriving on the other channel within ai 
period T< Tax = AXmax/2v, indicates the other end! 
contour successfully found by the velocity modulator sof 
at velocity 2v. Searching must cease if no pulse arrives 
the preset period T,,q.. The operation may be conye 
condensed into a logic table. 

In Table 1, At is the picture-element period for . 
scanning at velocity v. 

The realization of the tri-stable circuit is shown scher 
in Fig. 8. Two direct-coupled monostable multivibrat 
cross-connected to each other and also to separate gate » 
associated with the conducting valve of each pair. Th 


Table 1 
Line 1 Line 2 Contour Output 1 Output 2 
1. No pulse No pulse Zero Zero Zero 
De Uiseutae—= 0 Pulses —.0 Vertical Zero Zero 
Seu lsew 1 O No pulse up to Horizontal slope | Rectangular pulse, Zero 
(lee > — AtlTmax Detlodalyar 
4. Pulse, tr = 0 Bulsety ma Horizontal slope | Rectangular pulse, Zero 
Y (PY es —Ail/T period 7 
5. No pulse up to | Pulse, ¢ = 0 Horizontal slope Zero Rectangular pulse, 
t= Timex < + At/Tmax period Tmax 
G.Pulses fl Pulsen7 — 0 Horizontal slope Zero Rectangular pulse, 
TO Wives +At/T period T 


(4.5) Electronic Circuits for the Picture Transformer 


The function of the circuits is to pulse drive the picture- 
transformer modulators according to the contour-searching 
routine; the inputs to the circuits are derived from the optical 
control tract via two photocells and are next-but-one line 
picture signals; the outputs provide switching instructions to 
the velocity modulator and signal distributor. 

The circuit function may be split into distinct parts. The first 
detects contours of preselected ‘importance’ and provides two 
separate trigger pulse trains indicating the positions of contours 
as found by the pilot beams. This may be called the ‘contour 
sensing circuit’. The second part contains the logic of the 
contour interpolation mechanism in a ‘tri-stable circuit’? which 
is fed by the above trigger trains, and this is followed by a 
modulator power drive circuit. 

The contour sensing circuit comprises two identical channels 
and is conventional. After some experiments with gas-filled 
photocells and phototransistors we adopted photoconductive 
cadmium-sulphide cells as sensing elements.* The photocell 
signals are amplified and differentiated. After further ampli- 
fication and filtering to remove the out-of-band high-frequency 
noise, the contour signal is full-wave rectified and amplitude- 
gated by a paraphase amplifier and diode circuit. The gated 

* These had the advantage of high-level output, good thermal stability and small 


size, with a response time quite satisfactory for our requirements. We are indebted 
for them to Dr. M. E. Haine, Director, A.E.I. (Woolwich) Research Laboratory. 


are simple double-triode amplitude selectors, and thes 
waveforms are direct coupled into them from cathode 3 
the non-conducting halves of the multivibrators. The« 
delays are necessary to ensure that the gates remain in tf. 
state over the trigger-pulse period. In practice it was 
that a small capacitor placed across each cathode load pi 
adequate delay. The preset pulse period, T,,,,, of each 
vibrator is variable in the conventional way. 

The operation is as follows: Assume the circuit to bé 
monostable state with both gates open and the multiv 


OUTPUT 2 


GATE 4 


INPUT 1 


DELAY 


Fig. 8.—Tri-stable circuit for contour interpolation. 
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$3 conducting as shown in Fig. 8, a negative trigger pulse is 
ed on line 1 (say) and is passed by the gate, thus initiating 
ming action of multivibrator 1 and also closing the second 
The multivibrator 2 is unaffected by the arrival of the 
x pulse at its non-conducting valve. The action of the first 
vibrator then lasts until either 


1) The full quasi-stable period Tinax of the first multivibrator is 
ipleted, during which time no trigger pulse is received by line 2, 
‘the circuit then flips back into its quiescent state, or 

») A trigger arrives on line 2, within a time T < Tyax; this is 
tked by the closed gate but extinguishes the action of the first 
tivibrator. 


\ction is similar if the initial pulse is received by line 2 since 
Teuit topography is symmetrical about a mid-vertical line. 
tput pulses from the tri-stable circuit are clipped by pentode 
rs and used to switch on two miniature beam tetrodes 
1 drive the velocity modulator and signal distributor coils 
ily in series. The central coil of the signal distributor is 
a by a third power valve switched off by either channel via 
miters. 


_(6) RESULTS OBTAINED WITH THE PICTURE 

7 TRANSFORMER 

€ picture transformer has been used to test and demonstrate 
rinciples of contour interpolation with stationary pictures; 
pparatus forms pictures of ‘full’ vertical resolution from 
ialf of the information. 

addition, the device was used to produce pictures containing 
ill number of original scanning lines so that the quality of 
mterpolated results may be judged subjectively against 
lated full-bandwith pictures. 


(5.1) Experiments 


e choice of patterns and pictures for processing is an 
tiant matter. A good picture for the present application 
ins a wide range of detail in addition to well-defined large- 
itude contours of low geometrical slope; in addition it must 
pical of normal television programme material. 

ree pictures have been selected: 


a) A portion of a hand-drawn test chart. 
b) A single black-to-white edge of medium slope. 
¢) An enlarged print from a portrait. 


processed pictures, recorded on ‘120’ size film, have been 
ged to quarter-plate size on bromide papers of carefully 
ed contrast grades to ensure that comparison records of the 
picture are not impaired by unlike ultimate photographic 


ntour-interpolated frames, in which the original 200-line 
is interlaced with the interpolated lines, were produced by 
acing, before or after the interpolation, the writing objective 
ne line-spacing, and by moving the signal distributor mask 
le side, so that only one line is. copied, and this with full 
sity. Experience has shown that it is necessary to put the 
line exactly between those previously recorded. Even a 
| overlap on one side or the other will give the impression 
the picture has 200 lines instead of 400. The slightest axial 
le or backlash in the drum drives will produce an inferior 
t, and much time was spent in eliminating these. If there 
erlap, i.e. if the spot spreads beyond the line limits, care 
be taken in adjusting the intensity in the second run, 
Ise the blank parts of the film are pre-sensitized by the first 
sure, 

Nearly interpolated frames were taken in the same way, 
Mt that the control mechanism was put out of action. 


a 


Field-repeated frames were produced by using again one 
reading spot, i.e. one beam only, and repeating the copying of 
the line with two positions of the writing objective. 

The contour-interpolated records were obtained with a film 
reading and writing speed of 16mm/sec, corresponding to 
100 picture-points/sec or a bandwidth of about 50c/s. Linear 
interpolation and line copying could be carried out at twice 
this speed or more. 

The experimental results are shown in Figs. 9-11, and it will 
be observed that contour-interpolated edges are shown in one 


(6) 


(c) (@) 


Fig. 9.—Test pattern with four types of processing. 


(a) Full bandwidth. 

(b) Field repeated. 

(c) Single field. 

(d) Linear interpolation. 


(a) (6) 

Fig. 10.—Reproduction of an edge from one field, by the missing 
field produced at (a) by contour interpolation, and (b) by linear 
interpolation. 
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geometrical sense only; this was due to a mechanical weakness 
of the velocity modulator. It was found impossible in the 
available time to balance the modulator arm in the quiescent 
position owing to the inaccurate centring of the rotating 
drum/flange system and also to the flexing of the balance arm 
and torsion bar; the result was that the modulator scanned accur- 
ately and without spurious mechanical triggering in one sense 
only. 


(5.2) Discussion of Results and Conclusions 


The enlarged interpolated edge of Fig. 10 clearly shows the 
transition from linear to contour interpolation, and the gain in 
edge sharpness by this method over linear processing is evident. 
This result also indicates the accuracy achieved in the instru- 
mentation of the picture-transformer optics and modulation 
routine. 

The assessment of the results may be left to the reader, but 
a few features are indicated. The single field record of Fig. 9(c) 
is interesting in that it shows how well the human eye can 
interpolate the missing information at the transitions; the 
effective contrast is reduced as the interlaced field is replaced 
by unexposed space. With such a test pattern, field repetition is 


very objectionable and linear interpolation represents only a 
small improvement, by smoothing out the stepped edges of 
sloping contours. 


(a) i) 


. _ Ao: = 


Fig. 11.—A portrait processed in four ways. 


(a) Full bandwidth. 

(b) Field repetition. 

(c) Contour interpolation. 
(d) Linear interpolation. 


The processes demonstrated in Fig. 11 are more revealing; 
field repetition produces objectionable steps in the large-ampli- 
tude transitions (the shoulders), and even the fine detail (hair) 
takes on a mosaic appearance and becomes slightly disturbing 
to the eye. Linear interpolation certainly renders the fine 
detail more natural compared with the field repetition, and the 
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contours are smoothed. The contours are correctly pre 
in the contour-interpolated result, which shows a marke 
in edge sharpness. The true standard of comparison is ag 
‘full bandwidth’ record. 

The results shown demonstrate some possibilities in re 
processing of stationary pictures which are compressed 
It is regrettable that the time available did not allow the co 
of more material and the elimination of some instrumental, 
nesses, but the authors believe that the results give at | 
strong suggestion of the superiority of contour interpolatici 
other methods. 


(6) PROPOSED ELECTRONIC REALIZATION G 
TELEVISION COMPRESSION , 
Full-speed realization of band compression by interp# 
will be shown to be possible utilizing conventional dey 
functional elements of the system, without having to ¢ 
special devices such as multi-gun charge-controlled ¢ 
tubes. 


(6.1) Stores 


At the transmitter end a single store can be used which 
case of m:1 compression simply selects one field in 
‘stretches’ it to n conventional field periods by slow read 

The storage problem is more complex at the receiver, 
must handle the stretched fields. For full-speed process: 
re-transmission is delayed by a minimum of (n-1) convex 
field periods. The choice of receiver storage devices 
depend on the following considerations: 


| 


(a) It is very advantageous to store and process fields fd 
polation in one store; this avoids accurate store mate! 
necessitates stores of twin field or full frame capacity. 

(6) Field interpolation requires each line of the received } 
be available three times, once for its own full-speed repetiti 
twice for interpolation of lines one above and one below i 
interlaced field. 

(c) In frame interpolation each received line is required ¢ 
interpolation of the corresponding line in the previous fram 
for its own reproduction, and again for interpolating the fe 
frame, in that order. 


The ideal for this application is therefore a half-tone/(i 
of frame capacity with two writing organs, two inder 
reading organs and controllable erasing action for ail 
read-outs, with an erase period less than the conyentionali 
blanking period. 

We believe that at the present state of the storage-tii 
the most convenient arrangement is provided by a came 
optically coupled to a double-beam cathode-ray tube! 
problems encountered in facing camera tubes with caths 
tubes are well known in standards conversion and wililf 
elaborated. 


(6.2) Contour Interpolation with a Single-Beam Cam : 
Tube 


We assume that a full frame of lines has been written! 
camera mosaic. In the case of field interpolation this! 
is recorded as an odd field interlaced with itself, both : 
simultaneously. For frame interpolation the frame : 
sequential interlace of an odd field with the next-but-one! 
It will now be shown how such a frame may be read ¢ 
lines at a time by vertically oscillating a single reading & 
sample them at the Nyquist rate. A method for 7 
modulating this oscillating scan is illustrated in Fig. . 
the spot wobble superposed on the Y-scan is given by 


y(t) = dsin 2nf,t 


| 


ofhis the sampling frequency and d is half the line spacing, 
nodulation is effected by augmenting the X-scan by a sinus- 


oscillation x(t) in phase with y(t) and amplitude modulated 
a ramp function of slope equal to the normal horizontal 
ing velocity v, with a polarity dependent upon the slant of 
ontour, 1.€. 
‘the onset of the contour occurring at t= 0, so that 
=0, for t<0. These oscillatory scans combine to give 
= +vty(t)/d, and so along the uppermost line we have 


x(t) = +t sin 2af,t 


12. Scanning scheme for interpolation between two lines with 
one reading spot. 


= +vt and along the lower line x,(t) = + vt, superposed 
€ main scan of X(t) = vt, which gives the required velocity 
ation. The ramp function is made to run down to zero 
> same rate once the contour is successfully found. 

an alternative, the velocity modulation may be performed 
Je the camera tube by delay-line techniques. The mecha- 
would be as follows: each sampled line signal derived from 
fa spot wobble is propagated down a separate parallel bank 
lay lines of delay 7, where T is the picture element period 
iS approximately) and m ranges down the banks from 0 to 
J being the maximum number of ‘search elements’. Linear 
elation is given by the arithmetic mean of the outputs 
from the central delay lines (delay NT) of the two banks, 
: yelocity modulation is performed by switching across 
sets of delay-line terminations, say at 3 Mc/s, in opposite 


INTERLACED 
FIELD 


TIME 


3.—Simplified representation of scanning, in which each field is 
Ai represented by a single slanting line. 


e' (6.3) 2: 1 Compression Systems 

‘field interpolation the transmitter requires a single store 
ich only odd fields are stored and scanned at half speed. 
$ achieved by blanking out alternate fields on a cathode- 
ibe displaying the conventional signal, faced with a low- 
camera tube. The transmission channel handles stretched 


q 
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fields of half the conventional bandwidth which constitute the 
receiver input. 

A receiver which reconstructs the sequential interlaced video 
signals is shown schematically in Fig. 14. In this Figure, A 
is a tube of field capacity with a single writing gun and one 
reading gun with ‘read/erase’ action (e.g., an image orthicon 
facing a cathode-ray tube). B is a store of frame capacity with a 


INTERPOLATOR 


OUTPUT 


STORE A 


ss NS 
STORE B 
SN 


OUTPUT FIELD No:| 1 2 3 4 
t=0 


Fig. 14.—Scheme and scanning diagram of a 2 : 1 field interpolator. 


double writing gun and single reading gun with read/erase 
action (image orthicon facing a double-beam cathode-ray tube). 
The scanning sequence of the two stores is also shown; the 
diagrammatic representation of scanning in which a field is 
represented by a single slanting line is explained in Fig. 13. The 
shaded heights in these diagrams indicate the proportions of 
fields stored at any time f. 

The receiving process is as follows: commencing with A and 
B empty, let the field 1 be half received and stored on A and 
also, in duplicate, on B at time t= 9. This field is now read 
out from A directly at full speed at the same time as the second 
half continues to be stored on A and on B at half speed. The 
interlaced field 2 is now formed by reading out B with contour 
interpolation. During this period field 3 is half stored by A 
and B at half speed, thus completing the cycle of two fields, 
The overall delay in this transmission system is one field period. 

Pure 2 : 1 frame interpolation is applicable to a non-interlaced 
system. The transmitter sends only alternate frames stretched 
to occupy two frame periods. It can be shown that a receiver 
for reconstructing the original signal with contour interpolation 
requires two stores of double frame capacity, each with twin 
writing guns and single read/erase guns. Such a system might 
be of interest for industrial or commercial television, where it is 
desirable to double the definition in the full waveband, rather 
than to transmit the standard definition in half the waveband. 
The superiority of sequential over interlaced scanning at the same 
number of lines is almost 2 : 1; only flicker prevents us from 
exploiting it in conventional television. 


(6.4) Multiple Interpolation Systems 


Combination of the 2 : 1 field and frame-interpolation systems 
gives a 4: 1 compression scheme in which only alternate odd 
fields (1, 5, 9. . .) are selected and stretched at the transmitter. 
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The receiver utilizes four stores, three of which are single- 
gun writing and reading stores used for frame interpolating, the 
fourth being used for all field interpolations with a twin writing 
gun. The receiver thus comprises four camera tubes and 
cathode-ray tubes, one of which is a double-beam tube. This 
arrangement provides a receiver output in the following sequence: 


Field 1. Full-speed replica of the received quarter-speed field. 
Field 2, Interlaced field interpolated from previous field. 
Field 3. Frame interpolated from received fields 1 and 5. 
Field 4. Field interpolated from previously formed field 3. 
Field 5. Full-speed replica of received field 5. 


No output store is required. 

The most ambitious scheme which one might contemplate is 
an 8:1 compression system with complete contour interpola- 
tion. The procedure for obtaining seven missing fields out of 
eight has already been indicated in Fig. 2. In the most eco- 
nomical receiver all frame interpolations (fields 3, 5, 7; 11, 13, 
15: ...) are performed at one reading of the received field pairs 
(1, 9; 9, 17;...) and intermediate storage is used for those fields 
which are not immediately transmitted. 

A receiver for 8:1 compression with complete contour 
interpolation requires six stores (six camera tubes and six 
cathode-ray tubes with one of these double-gun and two with 
variable-velocity scanners). The scanning sequence is given in 
Fig. 15; A is a store for field copying, B and C are frame- 
interpolating stores, D serves for all field interpolations, and E 


ee 
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Sy BAAS 
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LAR | 

-. WINN LE 
STORE C 

SA 

yaa 
STORE D 

i 
STORE E 
STORE F 


Fig. 15.—Complete scanning diagram of an 8 : 1 compression 
system with six stores. 


and F are for intermediate storage of two out of three frame- 
interpolated fields. Starting the operations at t = 0, let field 1 
be received and completely stored by A, and B,, and field 9 
five-eighths stored on A,, B, and C,, with E and F erased. 
Reading commences with a delay of eight field periods. 

Field 1 is read out from A, and is simultaneously rewritten 
on D,, Dy as a repeated-field frame. Field 9 is three-quarters 
stored on Ay, By and C;. Field 1 is stored by B,. 

Field 2 is field interpolated from field 1 on D, and field 9 is 
seven-eighths stored on Ay, B, and C;. Field 1 is stored by B;. 

Field 3 is frame interpolated from fields 1 and 9 on store B, 
and fields 5 and 7 which are simultaneously interpolated are 
written into E and F, respectively. Field 3 is fed back to Dasa 
repeated-field frame. C; and A, fully store field 9, and A,, 
B,, B, and C, are erased. 

Field 4 is field interpolated from field 3 on D. Field 17 is 
one-eighth received by A,, B, and C,, and A, and C, completely 
store field 9. E and F continue to store fields 5 and 7. 
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Field 5 is read directly from E and rewritten back into [ 
repeated-field frame; field 17 is one-quarter stored by A 
and C,, and F stores field 7 with field 9 remaining in A, at 

Field 6 is field interpolated from field 5 on D, and D,; 
is three-eighths stored on A,, B, and Cy, and field 9 is sto 
A, and C;; F continues to store field 7. 

Field 7 is read out from F directly and fed back to 
repeated-field frame; A,, B, and C, have received half of fie 
and A, and C;, store field 9. 

Field 8 is field interpolated from field 7 on D; field} 
five-eighths stored in A,, B; and C,, and A, and C, store fil 
E, F, and B, are empty. 

The remaining half-cycle is now evident. 


(6.5) Combined Compression Schemes 


The main attraction of bandwidth saving by interpo 
lies in the possibility of combining the system with other: 
pendent compression systems to produce a large savil 
bandwidth. If, for instance, a rate-equalizing systern 
placed in tandem with the field-stretching transmitter, the # 
would operate on conventional fields at a reduced bancy 
The receiver would then consist of a decoder followed 
contour interpolator. It may well be possible to make the 
system simpler than the sum of its two component sys 
because all line-by-line rate-equalizing systems contair | 
means for locating edges. Hence it is not necessary tc 3 
this operation in the contour-interpolation system. Sw 
transmission system could have a compression ratio of 2 
and with this the possibility emerges for the first time of ## 
taneous transatlantic television via cable or short-wave ‘f 
link, 

Such an international exchange requires standards conveilj 
and this is easily combined with the interpolation process. 
standards step-down transmissions, such as American (525% 
60 fields/sec) to British (405 lines, 50 fields/sec) the transis 
store selects one field in 12 and stretches it to ten convertee 
periods with 2024 lines; the receiver then operates on a 
compressed signal, frame interpolating four fields andk 
interpolating five fields between every two received stre 
fields. Alternatively 5:1 compression could be achiev 
transmitting one American frame in six with 405 lin 
5 frames/sec. The reverse transmission involves st 
standards conversion; if the British 405-line 50-fiel: 
signal is 10 : 1 compressed the receiver must interpolate : 
and increase the field line number by a factor of 5/4. T. 
operation can be obviated by duplicating the initial py 
tube with a camera working to the higher standard ana 
compressing 12:1 at the transmitter. If these compn 
figures prove to be unattainable, the two functions m 
separated and the standards convertor would work in td 
with the 8: 1 compression system in such an order t 
transmission channel handles the compressed lower sta 
signal. 


(7) CONCLUSIONS AND OUTLOOK 


Line-by-line rate-equalization methods promise, by them 
band saving in a ratio of 3:1, or perhaps a little better. Cc 
interpolation by itself offers a 4 : 1 saving without appre 
impairment of quality, and 8 : 1 if one accepts some deté 
tion in the reproduction of vertical movements. In combi 
be ihe systems offer potential compression ratios of 127 

Neither of these systems is as yet a practical propod 
Both involve complicated processing, which must be carriv 
with high precision, excluding systematic and statistical | 


processing apparatus. In practice, even the first modest 
: a? quantization, has led to rather objectionable picture 
s. Nevertheless, from a purely scientific point of view the 
ms are soluble, given sufficient capital and effort. Legiti- 
doubts arise only if one considers whether the result would 
mnically justify the required investment and work. 
ippears most unlikely that even the simplest band-saving 
ns, such as storage tubes, repeaters with magnetic or tube 
Ie, variable-velocity schemes or field interpolation, will ever 
inbodied in home receivers. The reason is not only the 
‘cost, but also the incompatibility of band-saving systems, 
it would make it necessary to provide new wavebands for 
, This difficulty does not exist in closed-circuit systems, 
or the time being most of these operate under conditions 
e ‘there is no restriction on the waveband. There is a 
in demand for commercial television links over greater 
ces, through cables, but television via telephone lines is not 
ctical possibility, and in most cases a cable of a few hundred 
cles per second bandwidth, plus the complicated terminal 
ment, appears to be too large an economic handicap for a 
service. At present we see greater possibilities in improving 
definition of closed-circuit television, where there is no 
iction of waveband by using sequential scanning with 
ge display tubes or with repetition or with contour inter- 
tion, than in systems transmitting the rather low picture 
ity at present acceptable in a reduced waveband. 
le greatest impetus for waveband reduction might be 
cted to come from a desire to realize transatlantic television, 
e the waveband would have been greatly restricted if we 
ted to accommodate it in the transatlantic cable or in short- 
> radio links. Unfortunately this impetus is not likely to be 
icoming, for the simple reason that there is a five-hour time 
rence between London and New York. A jet plane which 
take a magnetic tape record in five hours from London 
ort to Idlewild would make events in London practically 
taneous for the viewers in New York, while a simultaneous 
smission would arrive five hours too early. Nothing could 
e events in the United States practically simultaneous for 
ers in Western Europe; the direct transmission would arrive 
hours too late, and there are only very few events per year for 
the viewers could not as well wait until the next evening. 
s therefore unlikely that a project of simultaneous trans- 
atic television will evoke the rather considerable funds 
ired for its realization. For the time being at least, tele- 
m Compression schemes will probably be restricted to much 
ambitious applications. 


bi 
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Y OF 
THE EFFECTS OF PARASITIC MODULATION ON THE ACCURAC 
MEASUREMENT OF THE Q-FACTOR OF A RESONATOR 


By F. H. JAMES 


(The paper was first received 4th February, in revised form 30th August, and in final form 22nd November, 1960.) 


SUMMARY 


When the Q-factor of a resonator is determined by using sinusoidal 
amplitude modulation and measuring the envelope phase shift, the 
presence of unwanted frequency or phase modulation may reduce the 
accuracy of the result. The envelope phase shift now depends on the 
ratio of the parasitic-modulation index to the amplitude-modulation 
index, and also on the phase angle between the two modulation 
components. If measurements are made with the carrier set as close 
as possible to the resonant frequency of the resonator, increased fre- 
quency stability is required. Alternatively, if advantage is taken of 
an approximation to exact tuning, which is given by setting the carrier 
so that the envelope phase shift is a maximum, a systematic error is 
introduced. If the ratio of the modulation indices or the phase relation 
between the modulation components is known, the systematic error 
may be determined and a correction can then be applied to the result. 
If either of two special phase relations can be set up between the 
modulation components, it appears that the parasitic modulation can 
be rendered innocuous; under these conditions as high an order of 
accuracy can be achieved as if pure amplitude modulation were used. 
This paper is supplementary to a previous paper which described a 
method for the measurement of very high Q-factors of electromagnetic 
resonators. 


(1) INTRODUCTION 


When a sinusoidal amplitude-modulated signal is applied to 
a tuned circuit, the envelope is subjected to a phase shift which 
increases with the modulation frequency. A previous paper! 
outlined two alternative procedures by which this principle 
could be applied to the measurement of the Q-factor of a 
resonator. Other authors have described how these procedures 
may be used for the measurement?» of Q-factors at 700 Mc/s 
and 3000Mc/s. Whilst it may be possible to produce pure 
amplitude modulation, in general, frequency or phase modula- 
tion are present as parasitic modulation components. In order 
to determine the errors introduced into the result for the Q-factor 
when parasitic modulation is present, the simple analysis which 
was previously given must be modified. In addition to the 
amplitude-modulation sidebands, those due to parasitic modu- 
lation must be considered. If the parasitic-modulation index 
is restricted to values less than 0-4, only the first pair have 
any significance. One more modification is necessary; account 
must be taken of the phase relation between the two modulation 
components. The phase angle between the upper sideband 
component of the parasitic and amplitude modulation can have 
any value between 0 and 27. Thus this whole range must be 
investigated for a general solution to the problem. 


(2) MODIFIED EXPRESSION FOR THE ENVELOPE 
PHASE SHIFT 
It was shown in a previous paper that, when pure amplitude 
modulation was used, the envelope phase shift produced by a 
tuned circuit was given by the following expression: 


y = arc tan [a,Ao/(Ap + a?A,)] 


: Written contributions on papers published without being read at meetings are 
invited for consideration with a view to publication. 
Mr. James is at the Linear Accelerator Laboratories, Manchester University. 
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Where a> = 2Qw,,/wWo 
Q = Q-factor of the circuit. | 
W, = Angular frequency of the modulation. 
Ww) = Angular frequency of the tuned circuit / 
{ 
| 


resonance. 
Ao =1+ at —+- a. 
Q= 2Qw,|wWo. 


Oi W — Wo. : 
w = Angular frequency of the carrier. 
Ay = 1+ a? — a. 


| 


However, when parasitic modulation is present, it may be s2# 
that the envelope phase shift is now given by 
a,Ao = 2ancA + SAA, 


— if F 
ti eas Ao ok ayA, + cA,\A, <= 2arSAj 


where A; = a,a,m,/ma. 
m, = Parasitic-modulation index. 
m, = Amplitude-modulation index. 
c= COS pL. 
s = sin p. 
jt = Angle between the upper sideband component 0 
parasitic- and amplitude-modulation vectors 


(3) CALCULATION OF THE ACCURACY ATTAINABE; 


When the Q-factor of a resonator is determined by this met} 
the carrier frequency is first adjusted to be as near as pos) 
to the resonant frequency of the resonator, and then the enve’ 
phase shift is measured. From eqn. (1) we must there 
determine the variation of the envelope phase shift as a func 
of the carrier frequency for fixed values of the other paramal 
The parameter a, represents the difference frequency bet 
carrier and resonant frequency, multiplied by the ratio bety 
twice the Q-factor and the resonant frequency. Thirteen vs 
of a, were taken in order to include carrier frequencies a‘ 
and below the resonant frequency up to limits represente: 
a; = + 0°6. Seven different values of the: modulation-i-§ 
ratio were taken, from 0 to 0:3. Sixteen values of the nt 
angle 44 were used to cover the possible values from 0 taf 
The parameter a, represents the modulation frequency multi! 
by the ratio of twice the Q-factor to the resonant frequel 
Since a, = 1 when the envelope phase shift is equal to 7/44 
and when the carrier frequency is equal to the resonant freque/) 
three values of a, were taken. These values were above, 5 
and including unity. A suitable programme was written fou 
C.E.R.N. Mercury computer, and the results were spel 
obtained as a set of tabulated values for the envelope rit 
shift. These Tables have been used in obtaining the refs 
given in the paper. 


(3.1) Parasitic Modulation Absent 
(a) ay not Greater than Unity. 


The envelope phase shift is constant at its maximum ° 
provided that the carrier frequency does not differ from 
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ssonant frequency by more than +0-1fo/Q. If the difference 
etween the carrier and resonant frequency becomes as large 
s +0-15f)/Q, the envelope phase shift will be reduced by 
-002 rad at these two limits. The relative error in the measured 
alue of the Q-factor will then be —0-4°%. Thus if a Q-factor 
f 10° is measured at a resonant frequency of 200 Mc/s, the 
tror of a single measurement should not be worse than —0-4% 
rovided that the carrier frequency is set to within +300c/s of 
ie resonant frequency. 


)) ay Greater than Unity. 


There are now two equal maxima for the envelope phase shift: 
yey occur for carrier frequencies situated symmetrically about 
ie resonant frequency. For a, = 1:1, the envelope phase shift 
aanges by 0-002 rad from its value at the resonant frequency 
then the carrier is changed by +0-15f)/Q from the resonant 
‘equency. It is possible to use these data as the basis of a 
alibration system for a, when parasitic modulation is absent. 
2 addition, the appearance of these two equal maxima equi- 
saced about the resonant frequency indicates that parasitic 
1odulation is not influencing the result. 


(3.2) Parasitic Modulation Present 

) 7/4 <p < 5x4. 

For this range of phase angles, the maximum of the envelope 
hase shift always occurs when the carrier frequency is higher 
yan the resonant frequency. Let us describe this particular 
arrier frequency as the ‘apparent resonant frequency’. For any 
xed phase angle in this interval, both the apparent resonant 
‘equency and the envelope phase shift at this frequency increase 
ith the modulation-index ratio. For any fixed ratio of the 
1odulation indices, as the phase angle increases from 7/4 to 
m/3, once again both the apparent resonant frequency and the 
avelope phase shift at this frequency increase. However, both 
lese quantities decrease as the phase angle increases from 
7/3 to 57/4. If measurements are made of the Q-factor with 
ie carrier set approximately to the resonant frequency of the 
ssonator, the errors that are introduced will depend on how 
ipidly the envelope phase shift varies with the carrier frequency. 
learly this is a function of the modulation-index ratio and of 
le phase relation between the modulation components. Sup- 
ose now either that one is unaware of the presence of parasitic 
jodulation, or that one wishes to take advantage of the maxi- 
um of the envelope phase shift as a more ideal point for 
easurement, for at this carrier frequency the envelope phase 
lift is stationary. Since the phase shift is now dependent on 
@ ratio of the indices and on the phase angle between the two 
odulation components, a systematic error depending on these 
0 quantities is introduced. To give limits for the ratio of 
€ modulation indices when a certain accuracy is desired for 
easuring the Q-factor, Tables 1 and 2 have been compiled. 


Table 1 
_ MEASUREMENTS MADE NEAR THE RESONANT FREQUENCY 


Average error in Q-factor for a single measurement 
at the stated phase angle 


Ratio of indices 


myzl/me ie — at] 3 — 270/35 
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Table 2A 


MEASUREMENTS MADE AT THE APPARENT RESONANT 
FREQUENCY WHEN pL = 2277/3 


Apparent reso- 
nant frequency 
in terms of a, 


Average error of 
Q-factor 
apparent 


Ratio 


of indices Systematic 


error 


Table 2B 


MEASUREMENTS MADE AT THE APPARENT RESONANT 
FREQUENCY WHEN LL = 7/3 


Apparent reso- 
nant frequency 
in terms of a; 


Average error 
of Q-factor 
apparent 


Ratio 


Nal Systematic 
of indices : 


error 


Table 2C 


MEASUREMENTS MADE AT THE APPARENT RESONANT 
FREQUENCY WHEN 2 = 7 


Apparent reso- 
nant frequency 
in terms of a, 


Average error 
of Q-factor 
apparent 


Ratio 
of indices 


Systematic 
error 


Table 1 is concerned with measurements made when the carrier 
is adjusted to be as close as possible to the resonant frequency. 
Tables 24—2c are concerned with measurements made when the 
carrier is adjusted to the apparent resonant frequency. For all 
the Tables, the accuracy of setting the carrier frequency to the 
resonant frequency or to the apparent resonant frequency is 
taken as +0-1f>/2Q. Since there are slight differences in the 
error for the Q-factor when the error in the carrier frequency is 
positive or negative, the average of these two is quoted in the 
Tables. 


(6) Srl4< w< 7/4. 

For this range of phase angles, the maximum of the envelope 
phase shift always occurs when the carrier frequency is lower 
than the resonant frequency. For any fixed phase angle, as the 
ratio of the modulation indices increase so the apparent resonant 
frequency decreases; at the same time the envelope phase shift. 
increases. For any fixed ratio of the modulation indices, the 
apparent resonant frequency decreases as the phase angle changes 
from 57/4 to 57/3, and at the same time the envelope phase shift 
at this carrier frequency increases. As the phase angle changes 
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from 57/3 to 7/4, the apparent resonant frequency increases, 
and the envelope phase shift decreases. Tables 1 and 2 may 
be used for this range of phase angles provided that 47/3 is 
substituted for 7/3, 57/3 is substituted for 27/3, and 27 is 
substituted for 7. In Tables 2a, 2B, and 2c the sign of a, should 
now be made negative for this range of phase angles. As 
previously stated, the envelope phase shift is always greater than 
that at the resonant frequency when the carrier is set to the 
apparent resonant frequency. The sign of the systematic error is 
therefore unchanged. 


(c) wp = (4n + 1)z/4, where n = 0, 1, . 

When any of these phase relations can be set up between the 
modulation components, provided that the modulation-index 
ratio does not exceed 0-15, the envelope phase shift varies with 
carrier frequency in a manner similar to the variation when 
parasitic modulation is absent. The differences between the 
two variations are always less than 0-001 rad. For pp = 7/4 
and a modulation-index ratio of 0:3, the envelope phase shift 
is different from its value at the resonant frequency by +0-001 
and —0-004 for differences between carrier and resonant fre- 
quency of +0-15f)/Q and —0-15fo/Q, respectively. When 
pe = 57/4 and again the ratio of the modulation indices is 0-3, 
the signs and magnitudes of the errors are interchanged; thus 
the envelope phase shift is now different from its value at the 
resonant frequency by —0:004 and +0-001 for differences 
between carrier and resonant frequency of +0-15f)/Q and 
—0-15f,/Q, respectively. The asymmetry in the errors is due 
to the appearance of the apparent resonant frequency. The 
change in sign and magnitude of the error as the phase angle is 
altered from 7/4 to 5z/4 is due to the apparent resonant fre- 
quency being higher than the resonant frequency for uw = 7/4, 
and lower than the resonant frequency for w = 57/4. 


(4) EXPERIMENTAL EVIDENCE 


A series of measurements were made of the Q-factor of a 
resonator in order to test the results of the analysis and the 
subsequent computation. The experimental details are as 
follows: A stable-frequency cavity-controlled oscillator followed 
by an amplifier was used as the variable-frequency r.f. source. 
The output from an RC oscillator of variable frequency was used 
to modulate the amplifier. The frequency of the modulation 
and the carrier were measured by means of a commercial fre- 
quency counter. An output from the amplifier was coupled 
to the resonator under test. Rectified signals originating before 
and after the resonator were applied to a phase-difference 
detector, which was adjusted so that 7/4 rad was indicated by a 
null reading on a sensitive meter. The amplified rectified signals 
were monitored by means of an oscillograph. No attempt was 
made to measure either the phase angle between the modulation 
components or the ratio of the modulation indices. The 
observations were confined to carrier and modulation fre- 
quencies for envelope phase shifts of 7/4 rad. The following 
procedure was employed: first, the carrier was adjusted to be as 
close as possible to the resonant frequency, and then the modula- 
tion frequency was set to give an envelope phase shift of 7/4 rad. 
Both frequencies were measured and recorded. Then the carrier 
was adjusted so that the maximum envelope phase shift was 
obtained; a readjustment of the modulation frequency was then 
made, if necessary, in order to give an envelope phase shift of 
m/4rad. Again carrier and modulation frequency were measured 
and recorded. The Q-factors at the two carrier frequencies could 
then be calculated. 

An adjustment was then made to the r.f. source, which had 
the effect of altering the phase angle between the modulation 
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components. The previously described procedure was again| 
employed. The results for six such sets of results are given in| 


Table 3. 
Table 3 


RESULTS OF Six TESTS 


Difference 


Carrier between 


frequency two results 


for Q-factor 


ke/s 
*202 493-10 
202 494-81 
*202 492-96 


202 494-08 
*202. 492-34 j 
202 490-05 . | 
*202 492-60 
202 488-93 
*202. 492-75 
202 488-95 
*202. 492-84 
202 488-22 


* The measurement was made with the carrier set as close as possible to the resonasty 
frequency of the resonator. 


(5) CONCLUSIONS 


The experimental evidence is all in support of the thea ¥, 
although it cannot be conclusively tested since neither the a 
modulation index nor the phase angle were measured. ‘f) 
either of these two quantities were measured, a fifth col a 
could have been given in Table 3 to show how well theory a nd 
experiment agreed. If the results of the measurements whici a 
were made with the carrier set as close as possible to the resonant 
frequency are examined, it will be seen that the extreme value ” 
for the measured Q-factor are within 1%. If we apply Table # 
to these results, it is only necessary to set the carrier to withia 
+500 c/s of the resonant frequency ; clearly from inspection of the 
measured values of the carrier frequencies, much more precision 
was achieved, and hence the possible fluctuations of the measured? 
Q-factor will be much less than those shown in Table 1. 
measurements made with the carrier set to the apparent resonant 
frequency indicate that, for at least one set of results, u was. 
either 7/4 or 57/4 or rather close to one of these values. The 
result for the measurement of the Q-factor under this conditiom 
agrees very well with the results obtained when the Q-factot 
was measured with the carrier set to the resonant frequency. 
As a general conclusion, it would seem that this method could 
be used as a precision method for the determination of the 
Q-factor of a resonator. a | 
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SUMMARY 


The specification and design of an amplifier required for precision 
dio-frequency measurements is discussed. Formulae are presented 
t the ‘ring of three’ feedback circuit and a detailed analysis is made 

appropriate feedback theorems. A multi-gain amplifier which 
tends the voltage range of the electrostatic voltmeters, used at the 
P.L. as basic a.c./d.c. transfer instruments, is described. An 
crease in this range of up to 1000 times is provided and enables 
ltages between 60mV and 60 volts in the frequency range 30c/s— 
ikc/s to be measured to a few parts in 104. 


LIST OF PRINCIPAL SYMBOLS 


A = Complex internal gain of amplifier. 
A,, = Internal gain at mid-frequency (real). 
1, 42, Az = Complex gains of stages 1, 2 and 3, respectively. 
A’ = Complex gain of amplifier with feedback. 
A,, = Gain of amplifier with feedback at mid-frequency 
(real). 
_ Aj; A,’ = Complex gain of amplifier with feedback at high 
and low frequencies, respectively. 
B = General feedback factor. 
B,, Bs = Feedback factors defining transfer from Ist and 
3rd stages to input, respectively. 
+ = CR = Dominant time-constant in amplifier. 
My, Nz = Factors by which 7 is multiplied to give second 
and third time-constants, respectively. 
Z, = Source impedance. 
R, = Source resistance. 
C, = Series source capacitance. 
Z, = Grid—cathode impedance of input valve. 
C, = Grid-cathode parallel-capacitance of input valve. 
w = Angular frequency. 


(1) INTRODUCTION 


The standard a.c./d.c. transfer instrument used at the N.P.L. 
the electrostatic voltmeter designed by Rayner.! The transfer 
‘or of this instrument at power frequencies is believed* to be 
out 1 part in 10*, and a determination by a completely different 
sthod on a modified instrument at the Australian Standards 
oratory? is in agreement with this value. Subsequent 
published work at the N.P.L., using thermocouples and 
srmistors as comparison transfer elements, indicates that this 
‘or is independent of frequency up to at least 30kc/s and does 
t change by more than about 1 part in 10* up to 100kc/s. 
is latter change is of the order to be expected from the voltage 
9p due to the capacitance current flowing in the suspension 
d the measurement of the resonant frequency of the instrument. 
ost of the instruments at the N.P.L. were designed to be used 
the voltage range 65-115 volts, and have a reading accuracy 
approximately 1 part in 10* at these extremes and of approxi- 
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mately 3 parts in 10° at the optimum setting of 100 volts. 
Voltages above the direct range of the instrument are measured 
by the use of voltage dividers, whilst lower voltages must be 
suitably amplified. 

Voltage transformers whilst extremely dependable are difficult 
to design to cover wide frequency bands and ratios, and in some 
circumstances their comparatively low impedance may be a 
source of error, as, for example, in determining current by the 
measurement of the voltage developed across a known standard 
resistor. The amplifier which is to be described gives a large 
number of fixed gains between 2 and 1 000 in the frequency band 
30c/s-30kc/s and enables measurements of voltages lower than 
60 volts to be made with accuracies approaching that of the 
instrument when used directly. 

In order that it should be a satisfactory adjunct to the electro- 
static voltmeters in use at the N.P.L. it should: (a) provide a 
number of accurately known gains in this frequency band and 
the ratio between successive gains should not exceed 1:6: 1, 
and (b) be capable of producing an output voltage of 120 volts 
(r.m.s.) when connected to a load of 150-200 pF, which is the 
usual capacitance of the voltmeter and leads. 

The method employed is that of using two dividers separated 
by two amplifiers with an additional amplifier at the input to 
act as a buffer stage giving the arrangement as shown in Fig. 1. 

In order that the relative gains shall be determined solely by 
the dividers it is necessary to ensure that the amplifiers are 
sufficiently linear over their working voltage range and that their 
gains are independent of each other. 

As the valves of the amplifier age the overall gain will change 
slowly with time and arrangements for calibration are therefore 
made. For ease of working and particularly to ensure con- 
fidence in the instrument it was considered essential to keep such 
operations to a minimum, and, accordingly, the initial target was 
to reduce the heating changes, as distinct from ageing effects, 
to about 1 part in 10* during a working period of 8 hours, and 
to an accuracy of 1 part in 10*, to make the amplifier. gains 
independent of frequency, output-voltage level and gain positions. 
A calibration check at one point would then give the performance 
at any combination of frequency, output-voltage level and gain. 


(2) CONSIDERATIONS IN THE DESIGN OF THE AMPLIFIER 
UNITS 


All three amplifier units are feedback amplifiers of a type 
commonly called the ‘ring of three’. A detailed analysis of this 
circuit and other appropriate feedback theorems are given in 
Section 7. Before a detailed description of the complete ampli- 
fier is given, some relevant conclusions resulting from these 
considerations will be stated and discussed. 

The circuit of the basic amplifier unit is shown in Fig. 2. The 
introduction of the overall feedback, B3, across the resistor Rx, 
results in a subsidiary feedback loop in the circuit of V, involving 


the factor f. 
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A; 
1 + B,A\(1 — B3A3) 


where 8, = R,/R, and 8; = R,/(Ry + R,), then when Z, > 0 
and Z,—> 00 the gain equation may be written very nearly as 


Aj{AyA3 


If Ai = 


(1) 


1 , 
B3A4;A2A3 


If the factor (u; + 1)/p, is neglected this expression is in the 
form of the general feedback equation with the exception that 
the denominator involves the ‘harmonic’ feedback* as distinct 
from the overall feedback B3A4,A,A3. 

When 6343;— 1, Aj > A, and the harmonic feedback becomes 
identical with the overall feedback. That is if A;—>1 the 
subsidiary loop, 8,, becomes of minor importance when /; — 1. 

In the more general case when Z, and Z, are finite and not 
zero, it will be seen (Section 7.1.1) that they affect the gain, 
and one result is that the stability of the circuit becomes depen- 
dent upon the ratio Z,/Z,. It is clearly undesirable to restrict 
the source impedance as far as unit 1 is concerned, and there will 
be an appreciable, although known, variation in the source 
impedance of units 2 and 3. Thus the circuits must be carefully 
designed to minimize the effect of the term Z,. 

Eqn. (1) also shows that it is essential that 4, should be high, 
for, however large A;A,A3, the circuit gain cannot be more 
constant or linear than (yw, + 1)/u,. Consideration of the 
formula for the input impedance (Section 7.1.2) also indicates 
another need for a high py, for, if B;4,A,A3; > 0, then from 
eqn. (4) 

Tf. 


jae Heat a L)Z, (2) 

The grid—anode admittance of V, will result in additional 
parallel components across the input which have not been taken 
into account in the equations. However if, in order to obtain a 
high p41, V; is made a pentode, the effect of this admittance may 
be made small. 

The input-impedance/frequency characteristic of the basic 
circuit (Section 7.1.2) is of particular importance with respect to 
units 2 and 3, the inputs of which shunt the precision variable 
dividers A and B. 

The amount of overall feedback which may be applied in the 
circuit is related not only to the required stability margin but also 
to the flatness of the external gain/frequency characteristic and 
to F,, the effective feedback, which is a measure of the effective- 
ness of the main feedback connection in reducing changes in 
amplifier gain. 

Whilst F, and the modulus of the harmonic feedback are the 
same at mid-frequencies it is shown (Section 7.2) that the value 
of F, can be maintained over a wider bandwidth than that of 
the harmonic feedback. As this latter quantity is a measure of 
the distortion-reducing properties of the feedback loop, the dis- 
tortion will rise towards the ends of the frequency band if F, is 
taken as the criterion in assessing the frequency limits. This 
may not be serious provided that sufficient harmonic feedback 
can be applied to maintain the distortion below a certain 
maximum. 

It is important that F, shall not vary appreciably over the 
required bandwidth as otherwise the frequency/gain charac- 
teristic will change as the internal amplifier gain changes. 

With respect to all the factors previously raised it is advan- 
tageous if one I.f. and one h.f. circuit are made of phase-advance 
structure. As a result of the cathode-follower action of V; the 
time-constants of V, and V; tend to be low and it is preferable 
to make the load of V, the dominant h-f. circuit. 


as a result of self-heating. As the total change due to heating is 
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(3) DETAILED DESIGN OF PRECISION AMPLIFIER — 
(3.1) Choice of Components 


Whilst feedback reduces the effects of variations in value of 
components inside the feedback loop, the properties of these! 
components are nevertheless of considerable importance. For} 
instance, unless feedback factors of the order of 1 000 are applied. Jf 
standard commercial components are not always adequate tO ' 
ensure a sufficiently slow rate of change of performance. The 
most serious difficulty is that of reducing changes due to heating 4 

Changes in value of a component may arise as the result of a 


rise of ambient temperature inside the instrument case and also 


required not to exceed | part in 104, individual contributions. | 
must be of a very small order. id 

In the valve circuits variation may arise as the result of 
changes in any of the resistive elements. It is evident fro 
the gain equation that the pentode will be more susceptible to) 
load changes than a triode. Changes in anode current wil 
arise owing to changes in the cathode bias resistor and scree 
bias resistor and cause gain changes owing to alteration of the 
valve parameters. Measurements of RdA/AdR for the variov: 
functions in an r.f. pentode gave values of 3/4 for the anoces 
resistor, —3/8 for the cathode resistor and approximately ee 
for the screen resistor under operating conditions similar to thes os 
to be used in the amplifier. For a medium-y triode with & 
approximately 7r,, RdA/AdR was about 1/10 for the anocs 
and —1/10 for the cathode resistor. As appreciable se 
heating will arise only in the anode circuits, the load for tise 
pentode will be the most vital consideration. In a particu t 
instance in which the anode load dissipates 1-5 watts the resister 
surface temperature is of the order of 100° C, and as the reductio 
in variation due to feedback is 70, the actual gain change willl 
roughly equal the numerical value of temperature coefficient ¢ of 
the resistor. 

The existence of positive and negative coefficients of RdA | Adi 2! 
in the anode and cathode circuits suggests the possibility ¢ 
compensation by choosing appropriate temperature coefficient 
Resistance materials having positive and negative tempera 
coefficients could also be combined or used in different circuit: 
Such methods, however, are of doubtful value except perhaps Si 
where the correction required is small, since not only are matched ed: 
temperature laws required but the rate of temperature rise must 
also be proportional. Unless the temperature rise can be suffi- 


‘si 


ciently reduced the only satisfactory solution is the use where 
appropriate of resistance material of low temperature coefficient.) 
In the example given in the previous paragraph a temperature 
coefficient not exceeding 10 parts in 10° per degC is desirable. _ 

The use of forced cooling was considered but rejected on) 
several grounds, such as bulk and the effects of vibration, andi 
other than promoting good natural convection cooling the pe r-| 
formance is realized by suitable choice of components, being! 
specially manufactured where necessary. Thus, whilst com-! 
mercial h.s. carbon and vitreous wire-wound resistors to RCS/111 11 
are found acceptable for screen and cathode circuits, respectively ay 
those for the anode circuits are specially wound. a 

An additional source of variation of valve gain arises as 4 
result of change of leakage resistance of coupling capacitors cS," 
which causes a change in valve bias and is again most serious# 
when the valve is a pentode. The leakage resistance of a goo d~ 
quality 0-5uF paper capacitor was found to have fallen | (04 
about 3000 megohms at 45°C, sufficient to cause a heating) 
change of 0:5% in the gain of a following pentode where the 
grid leak was 1 megohm and the preceding potential 250 volts dc. 
For this application plastic-film capacitors were found essential,’ 
whilst paper capacitors proved adequate when preceding triodes.’ 


Sig 


kakage of the cathode by-pass capacitors will also cause 
jation of gain, and tantalum types have been used in the hope 
zreater reliability. 

“he main criterion in the choice of valves is that of linearity, 
irate of change of performance being reduced to an acceptable 
ue by moderate amounts of feedback. Where large voltage 
‘puts are required the triode is far more linear than the pen- 
, although it will not produce as high a voltage before 
-off. It is also evident that, for a triode, the smaller is he 
| greater is the voltage swing before cut-off. Consequently, 
ere the largest r.m.s. voltage is required, namely in unit 3, 
wer triodes are used in the output, and for the other units 
dium-p. voltage-amplifying triodes are used. As most distor- 
1 occurs on the negative grid swing the operating voltage 
y be arranged with advantage according to the swing required. 
2 superiority of an r.f. pentode in the initial stage has already 
m discussed. 

rhort-term variations, arising in the feedback circuits or 
tage dividers, affect the amplifier gain directly, and these com- 
rents must be highly constant with both temperature and time. 
the long-term basis unchanging ratios of the dividers are the 
St vital consideration, since variation of amplifier gain will 
‘urin any case. The design of these and other special resistors 
‘onsidered in the following Section. 


(3.2) Special Resistors 


Che use of wire of high resistivity and low temperature coeffi- 
nt simplifies the design of high-frequency resistors, since for a 
en winding arrangement frequency errors tend to diminish as 
physical size of the resistor is decreased. The use of the 
aternary alloys, Karma and Evanohm, the properties of which 
fe been given elsewhere,> © help greatly in this respect. 

All the resistors used are wound single layer on clear mica 
p of thickness 10 or 20 mils, according to wire diameter, and 
resistance wire is hard soldered to copper tails. The small- 
meter wire is protected from the sharp edges of the mica by 
ps of low-loss insulating material which are held in position 
the wire. Polythene is very suitable since it acts as a cushion, 
- its use is limited to low temperatures. For the present 
her-temperature applications high-grade capacitor tissue is 
d. No varnish of any kind is applied to the main body of 
resistors, as it is found that, apart from the increased parallel 
acitance or possible strain effects, many varnishes are hygro- 
pic and cause the resistors to vary in a.c. resistance and time- 
stant. The use of clear mica is again essential, as small 
surities were found to cause errors of several parts in 10+ at 
<c/s on resistors of a few thousand ohms. 

fhe special resistors fall into two classes. Those used as 
de loads do not require to be accurately adjusted but merely 
retain their value and have a small temperature coefficient. 
se are wound on 10-mil strip, 23in x 4in, stiff copper 
ninating leads being parallel to the short sides about 2}in 
rt so that the resistors fall directly into position on the tag 
p. Values of 50 and 300 kilohms are used and are wound 
ionally of 1-mil and 0-6-mil Karma wire, respectively, having 
perature coefficients of less than 15 parts in 10° per degC. 
he remaining special resistors are the gain dividers and the 
stors in the feedback circuits. 

he gain dividers at A and B in Fig. 1 are limited in value to 
tal resistance of 10 kilohms in order to avoid errors due to 
shunting effects at the upper frequency levels, and errors of 
capacitance due to switches, wiring and amplifier inputs. 
urther limit is set by the difficulty of designing a divider of 
ter value which at 30kc/s will not be in error on account of 
ywn self- and earth impedances. 

his latter difficulty also sets a limit to the maximum resistance 
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UNIT 3 
A=I0 


ELECTROSTATIC 
VOLTMETER 


Fig. 1.—Arrangement of amplifier units. 


of the feedback circuits, which are dividers formed by resistors 
such as Rr and Ry, (Fig. 2), and where appropriate it is convenient 
to make one resistor combine two functions. Thus in unit 2 
this resistor has additional tappings and serves as the gain 
divider B. In unit 1, where B = 1, the frequency response of 
the feedback circuit is not relevant as Ry = 0. However, 
parallel feeding of a gain divider at A is impracticable as the 
30c/s loss must be less than 1 x 10~4 and R, is therefore made 
equal to 10 kilohms and tapped to serve this function. 


Fig. 2.—Basic amplifier circuit. 


An unfortunate consequence of these arrangements is that as 
the resistors carry the direct current of the output valves their 
power dissipation is considerably higher than is usual in a 
precision resistor and is 6, 8 and 10 watts in units 1, 2 and 3, 
respectively. 

The resistors are wound on strips of mica approximately 
6in < 1¢in and No. 44 s.w.g. Evanohm is used throughout, 
except for some of the smaller values which exist in the resistor 
for unit 1. In order to provide reasonable facility for the 
adjustment of the lower values in this resistor, wire gauges up 
to No. 31s.w.g. are used and fine adjustment is provided by 
constantan tails. With these lower values care has to be taken 
to ensure that the resistance contributed by the copper connec- 
tions does not unduly increase the temperature coefficient. The 
use of different gauges of wire increases the importance of the 
temperature coefficient of the main portion of this resistor. 
Temperature differentials will exist in all resistors and, coupled 
with the high power dissipation, make essential the use of 
wires with low temperature coefficients, especially in the 
case of the No. 44s.w.g. Evanohm, which is of the order of 
1 part in 10° per degC. 

Tappings on the various resistors are as follows: 


Unit 1 tapped at Le Se cee TE and zoo. 
Unit 2 tapped at zds, 4, 4 and . 
Unit 3 tapped at +5. 


The initial tapping on unit 2 and the tapping on unit 3 are 
the feedback connections and are not accurately adjusted; the 
adjustment of the remaining tappings is better than +3 parts 
in 10°. 

(3.3) Power Supply 


A stabilized h.t. power supply of 550 volts feeds all three units, 
which are individually decoupled for high frequencies only. 
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Decoupling at low frequencies requires components of large 
value, and might also interfere with the low-frequency stability 
and response of the individual units. A power supply with an 
impedance low enough to avoid mutual coupling at low fre- 
quencies is therefore used. To reduce the possibility of common 
paths at high frequencies the h.t. and earthed rails are run 
separately to each unit from common input points. 

Since the instrument is to be used with inputs at 50c/s it is 
necessary to reduce the mains-frequency components to a very 
low level to minimize the magnitude of beats. As there is no 
filtering subsequent to the h.t. supply it is necessary to reduce the 
hum level of this supply to about 100V for the hum level in 
the output to be 90dB down. In order to avoid hum arising 
from valve heaters, d.c. heating is employed using a 300-volt 
commercial stabilized supply. This supply also feeds the ampli- 
fying section of the 550-volt h.t. supply, with the exception of 
the series valves. The stabilization of the supply to the heaters 
is also necessary, in addition to the stabilization of the h.t. supply, 
to prevent variation in amplifier gain with variation of supply 
voltage. 

The circuit employed combines a negative-feedback loop from 
the stabilizer output and a forward path from the input. Two 
type 83A1 reference tubes are used in series and enable about 
one-third of the output to be sampled. This voltage is amplified 
by a pentode and passed to one grid of a long-tailed triode pair. 
The other grid of the long-tailed pair is used to connect in a 
variable forward-feedback path, and the voltage from the 
appropriate anode is connected to the grid of the series valve. 
As a result of forward feedback, the impedance in the input side 
of the stabilizer can be virtually eliminated and the impedance 
at low frequencies kept low down to zero frequency. The same 
setting also very nearly cancels hum due to the input circuit and 
also increases the stabilization against mains changes. The 
remaining hum was reduced by some elementary electromag- 
netic screening, valves being the main offenders in this respect. 
The residue above noise Jevel is largely due to the series valve, 
which is heated by a mains frequency voltage. As the valves 
in the stabilizer are heated from a stabilized d.c. supply there is 
no necessity to compensate for heater variations. 

The overall stabilization is 1000 when the forward path is 
zero. When the forward path is correctly adjusted stabilization 
is increased by about an order; individual hum components are 
not greater than 20uV, and the output impedance from d.c. 
to 30kc/s supply at the input terminals to the amplifier is not 
greater than 0-1 ohm. The change of output over an 8-hour 
period is about 0-1°%%, which is sufficient to change the amplifier 
gain by about 1 part in 10°. 


(3.4) Amplifier Units 
(3.4.1) Unit 1 Gain ~ 1. 


The main problem in the initial unit is that of ensuring sufficient 
linearity over the full range of voltage and frequency. As 100% 
feedback is employed a high loop gain is easily obtained. This is 
reduced to about 57dB by the application of a subsidiary loop 
over the second stage, which not only eases the stability con- 
siderations but retains the advantage of the original loop gain 
as far as this stage is concerned. 

Over the input range of 60mV to 60 volts the errors due to 
non-linearity are a few parts in 10° at middle frequencies and 
rise to rather less than 1 part in 104 at 30kc/s. This increase is 
probably entirely due to the decrease of the modulus of the 
loop gain, but there may also be some contribution from the 
initial stage, which is working into capacitive loads at higher 
frequencies. 


The components in the input circuit are screened to the output 
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terminal in order to reduce the input capacitance. As_ t 
increases the grid—cathode capacitance, Cy, it somewhat adverse 
affects the input resistance at higher frequencies. The input le 
is low-capacitance screened cable terminated at the measun 
end by a probe. The screen may be connected either to eart 
giving a coaxial input system, or to the cathode, in which cal 
a separate earth lead must be used, giving input capacitances } 
15pF and 2-3pF, respectively. In the latter case the np 
resistance is approximately —50 megohms at 30ke/s. In. 
cases the mid-frequency input resistance is about 70 mego 
The valves used are one r.f. pentode, type UF80, and two 
double triodes, type UCC85, the output or cathode-follow 
stage comprising three triodes in parallel. 


——e SSS oe 


(3.4.2) Unit 2 Gain ~ 100. | 
As unit 2 employs only 1% feedback it is not possible % 
realize a high loop gain. The output voltage varies betwee 
and 36 and sufficient linearity is obtained with a harmonic Is 
gain of 34dB. | 
| 


The input resistance varies from 70 megohms at low 4 
quencies to about —80 megohms at 30kc/s and the ing 
capacitance is about 5 pF. } 

The valves are as used in unit 1. | 


(3.4.3) Unit 3 Gain ~ 10. 

As the overall feedback is 10% R, (Fig. 2) is now sufficieat 
high to cause appreciable subsidiary feedback unless the is 
resistance of V, is also high. Further, as power triodes are wi 
in the output stage where voltages up to 120 volts rms. @ 
required, the harmonic loop gain is again reduced. To obi 
a high gain from the initial stage a triode cathode-follower & 
been added enabling a value of 300 kilohms to be used for t) 
anode load of the initial pentode. In this way a harmonic lou 
gain of approximately 38 dB is obtained. 

The output voltage at the cathode of the final valve is appi) 
to the electrostatic voltmeter terminals by a CR circuit as she 
in Fig. 1. As the voltmeter is an r.m.s. indicating instru 
is necessary to avoid any appreciable direct voltage appearing 
the voltmeter terminals, and at the same time it is required : 
transmit with negligible error frequencies down to 30c/s. Thi 
whilst the CR product should be high on this count, a large € 
product may cause errors due to d.c. leakage of the capacite 
A compromise is reached using values of 2 .F and 220 kilohm| 
Consequent upon this arrangement the advantage of the very ic 
output impedance is lost and the amplifier output at the vor 
meter terminals is adversely affected by parallel loading. A 
apparent loss of gain of 1 part in 10* occurs at all frequencies f 
each 200 pF of additional loading. 

Provision for adjustment of gain is made by circuits in paral 
with the tapping section of the feedback resistor so that ¢ 
overall gain may be adjusted to exactly 1000. 

The input resistance of this unit varies from aba 
140 megohms at low frequencies to 100 megohms at 30kc: 
and the input capacitance is about 5 pF. 

The valves used are one r.f. triode-pentode, type UCF80, ai 
two power triodes, type UL84. 


(3.5) Constructional Details 


The power supply and the amplifier form separate uni 
mounted on a common trolley, the power supply near grout 
level and the amplifier at bench level. Sufficient connecting led 
is provided to make it possible to remove the amplifier and pla 
it near to the work. 

The three amplifier units are separately constructed and co 
tained in a single case which has three screened vertical section 
Adequate ventilation is encouraged by mounting the valw 
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ermost and allowing free upward flow through each section. 
most vital components, namely dividers and feedback 
tors, are placed at the base in electrostatically screened, 
ilated boxes. The remaining amplifier components are 
mted vertically above the boxes on skeleton tag-strip 
mblies and below the valve line. Ceramic insulated tag 
) is used for components in the input grid circuits, and p.t.f.e. 
bases are used throughout. 

igh-grade insulating materials are also required in the power 
dly as leakages may cause an increase of hum voltage. 


(3.6) Calibrating Circuit 


alibration is effected by deriving a voltage from a divider 
ing the inverse ratio to the amplifier gain. The divider input 
amplifier output are displayed on two electrostatic voltmeters 
will give equal deflection when the gain is nominal. When 
dlies are sufficiently steady, the voltages may be displayed 
rnately on the same voltmeter. 

he complete range of gains is covered by three tapped dividers 
hat a calibration may be made on any range and at any 
uency in the band. Whilst a calibration on a single range 
ild be sufficient to determine all the other ranges, it is never- 
ess essential to provide facilities for making completely 
pendent checks to confirm that the instrument is continuing 
york satisfactorily. 

he construction of the calibration dividers is similar to that 
he comparable dividers in the amplifier itself. 

‘is essential that the earth connection shall be made only at 
junction of the earthed input lead and the test circuit. If the 
rument end of the earth lead, point X in Fig. 1, is connected 
arth—a very desirable arrangement from several points of 
yv—earth current from the test circuit will be drawn down 
earthed input lead and cause errors dependent upon fre- 
acy, instrument range and the nature of the test circuit. 


(3.7) Performance 
fter adjustment to nominal gain on the 1000 range at 
volts output and 1 kc/s frequency: 
Parts in 104 


ain on all ranges at 1kc/s . bs oe 
requency response all ranges 30c/s—10kc/s stell 


requency response all ranges 30c/s—30kc/s +2 
lf-heating change per 8-hour period (after 

initial Smin warming up) .. 5 as 3 Sell 
ain constancy per 100 hours intermittent use + —2 


hange in gain between 60 volts and 120 volts 
output we ae ag iG we aes 
hanges due to mains variation negligible 


hese values were not exceeded during 500 hours’ use spread 
a period of 3 years. 


< (4) CONCLUSIONS 

has been shown that a multi-gain amplifier having highly 
tant performance can be constructed using simple circuits 
with moderate amounts of feedback, provided that due care 
aken in the choice of components. Without the use of 
lern resistance materials it is unlikely that with the present 
gn equal performance could have been obtained with respect 
oth self-heating and frequency response. 

tis valve amplifier has been proved to be a satisfactory means 
creasing the sensitivity of a precision electrostatic voltmeter, 
he type used at the N.P.L., without greatly reducing its 


racy or frequency range. 
3 the intrinsic value of both the instrument and the work 
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for which it will be employed is high, complete and fairly fre- 
quent valve replacement will be justified. Thus with replacement 
after not more than 1000 hours’ use very little deterioration of 
properties is expected. 
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(7) APPENDICES 
(7.1) Circuit Analysis 


The equivalent circuit for determining the gain and input 
impedance is shown in Fig. 3: no circuit is shown for the deriva- 
tion of the input impedance. 


"a3 


43 (Asi; R_-Vo) 


Fig. 3.—Amplifier equivalent circuit. 


(7.1.1) Amplifier Gain. 
An exact solution is cumbersome, but with very small error in 
a practical case, 


A,A,A3 
Te £ ; (3) 
2 1 PLO R + S834,4243 
x MyRp pape 
where A, PraaR, OR; By 2 
ees H3(R, + Ry) to Ry 
2 Gy EDR ERA tras Re Re 
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(eta ag | patisiee 
Z, By 


_ (i — ByA3)Re 
Q Zz 
R = B,A\(1 — B3A3) 
_Matl 
My 


The significance of the terms R and S has been discussed in 
Section 2. 

The term P shows the influence of the source impedance Z,. 
If the amplifier has an input capacitance C, this may be included 
in the source Z,. At low frequencies the factor Z,/Z, becomes 
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gain, A, in terms of A,,, the mid-frequency gain, and the ci 
time-constants. Thus, for a system having three time-constar 
T, Nyt and n37, in which f is real and negative, we have, tm 
frequencies, ‘5 
A’ ~— Ay ( 

(1 + jor) + jong) + jeonst) + BAm 


After expanding and separating real and imaginary terms, 
equation for A’ may be written, which by differentiation 
|dA’|/dA,,. 

From this it follows that 


F, = 1 + KBA,, 


where 


1 — w?7(ny 


Nz } NpN3) ! BAS. 


K 


(R, + 1/jwC,)/R,, which produces an imaginary term due to 
the time-constant C,R,. This affects stability in a manner 
roughly equivalent to the addition of a further time-constant in 
the amplifier gain A,A,A3. Increase of R, reduces the effect of 
this and thereby improves stability. 

At high frequencies Z,/Z, becomes jwC,Z,, where C, is the 
parallel capacitive component of Z,, and not only adversely 
affects stability but varies directly with Z,. Thus an amplifier 
which is stable with the input short-circuited may well oscillate 
when closed by some finite impedance. Jn circumstances where 
Z, is varied the effect of this term must be minimized, which can 
best be effected by increasing the major high-frequency time- 
constant in the amplifier as much as possible. 


(7.1.2) Input and Output Impedances. 
The input and output impedances are given very nearly by 


v A,A5A3 1 


ZS OZ, 
Sd SA’ 1 + 83414, A3/p4 
Q3 


lg 
ij 
° p343(1 + 834142) 


The variation of input impedance with increasing frequency 
may be readily obtained by expressing the gains A,A, and A; 
in eqn. (4) in terms of the time-constants of the circuits. Asa 
consequence of the appearance of negative real quantities on 
multiplication, the resistive component of the input impedance 
rises to infinity and then becomes decreasingly negative. Partial 
correction for this effect is obtained by connecting an RC branch 
in parallel with the input. 

If the time-constants in the gain circuits are well staggered the 
frequency at which the uncompensated value of R; is infinite 
tends to be independent of 8A,, and almost directly dependent 
on the product of the major gain circuit and the grid circuit time- 
constants. Thus, the minimum acceptable value of R; having 
been decided, the maximum useful frequency is limited by the 
extent to which C, can be reduced. 


(4) 


(5) 


(7.2) Effective Feedback 


The extent by which variations of gain inside the feedback 
loop are reduced by the application of feedback is called the 
effective feedback and denoted by F.,,. 


gee GAIA AAA, 


h 
Thus e |\dA’JA’ |dA’]A’ 


(6) 


In the general feedback equation we may write the internal 


~ 14 BA,, + w277{(1 + 13 + 12) — BA, (2 + 13 + Mon3)] + wt r4(n3 + n2 + n3nd) + w®r®ngnj 


The magnitude of K, which is unity at mid-frequencies, 
vary as the frequency rises in a manner determined by 
coefficients of the terms in w*7?._ Under some conditions it} 


simply fall steadily from the mid-frequency value, whilst ai 
others it will rise to infinity and then become negative, as sha 


in Fig. 4, 


Fig. 4.—Variation of K with frequency. 


1 1 
(a) BAn 70, n2 io n3 4000 
1 
(d) PAm = 25, n= nz = 50 


Point wt = 1 corresponds to the frequency at which |@A| has fallen by 3 dBi 


If the dominant time-constant in the preceding analysis 
replaced by a phase-advance network, K may be obtained 
converting the network into an equivalent parallel RC netw 
for each specific frequency. With the notation given in Fig 
and putting R;C, = 7, the impedance between the terminals * 

aT AR, 
1+ jot. 
w272y 
Lice ayia) 


(1 + x + y)w*r?y } 
A+ xl +0770 +H © 


( 


where aa 


a 


and tT =7(1 + of! 
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Fig. 5.—Phase-advance network. 


If y < 1, which is the most usual condition, 


(13) 


If the remaining time-constants in the circuit are expressed in 
ms of 7, noting from eqn. (10) that the gain is multiplied 


Qe, 


To = 7(1 = X) Ae 


Ao[1 = wn, + 13) — w*7?ngny + aoBAm| 
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(7.3) Frequency Response 


In the present amplifier a flat frequency/gain characteristic is 
required over the working band to within about 1 part in 104, and 
in order to measure the r.m.s. value of a voltage irrespective of 
waveform it is also necessary to maintain a reasonably flat 
response well outside the working band. This second condition 
is likely to follow to some degree if the first condition is realized. 

The problems of design are appreciably different at the two 
ends of the frequency band. The gain equation in terms of 
seen components may be simpler at the high-frequency end; 
however errors due to unseen components may arise in this case, 
and are unlikely at the low-frequency end. Small corrections 
of the response may be easily made at high frequencies, whereas 
at low frequencies they are likely to require physically large 
components. 

The optimum design does not necessarily coincide with the 


1+ 468A, + @773[1 — aoBAn(ty + 15)] + 0?7?OR + 18 — ngnganBA,) + oth 08 + 0) + wt nbn + wr nae 


For given values of 7, nm, and 13, K, as given by eqn. (14), 
li fall more rapidly as the frequency increases than does the 
evious value given by eqn. (9). Since, however, the use of the 
lase-advance network will reduce the value of 7, i.e. the 
minant time-constant required for a given stability margin, 
> actual fall in two comparable cases may not be very dissimilar. 
} a consequence of the reduced value of 7 the modulus of the 
op gain falls less rapidly with frequency and will thus reduce 
© variation in distortion over a given frequency range. 

In the unity-gain amplifier described in Section 3.4.1, the 


(14) 


maximally flat condition, since the actual errors at the required 
limits of frequency may exceed those permissible. In practice 
it is feasible to allow for some correction at the high-frequency 
end of the band, so that a design avoiding h.f. response peaks is 
simplified. 

For the circuit discussed in the previous Section having two 
simple time-constants and a phase-advance network, we may 
write 


1 
eal + jot.) + jwtn)( + jwrn3) + BA,, 
ae o) 


llowing conditions apply; BA,, = 700, x = 1/20, y = 1/80, An (15) 
= 1/100, n; = 1/20000, and K varies as shown in Fig. 6. A; 1 + BA,, 
ie value of wr = 1 occurs at 7500c/s and corresponds to a 
ss of 3dB in |BA|. At 30kc/s the reduction in K is negligible| where a, and Tq are as before. 
iilst |8.A| has now fallen by about 12 dB. From which 
Ae Fd + w272)(1 + w?72n3)(1 + w?7?nd) — PAmteserrln + 13) + w*7?nyn; — 1 + ae] — 1 
Suh aa = (16) 
A, x Gee S47) 


The value of F, for low frequencies for an equivalent circuit 


ay be readily obtained. In practice, the low-frequency circuit 
much more complicated owing to the existence of screen and 


thode by-passing. Although F, may still fall less rapidly 


If |A,,/A;| is close to unity, the deviation from unity, Al 4/,/A;, 
is very nearly one-half the right-hand term. 

When y <1, by eqn. (13) we may write, after separating 
positive and negative terms, 


> 


—_ w*7?non 

hey [gerd +a) ]cr + otra + eet + 2AM 2 — 2B age + 20a +m) + TE _ 

alg <_< 

4} 21 + BAp,)? 

1-0 If the phase-advance network is converted to a single time- 
constant by making y =0, then ag =1 and 7 =(1 +). 
_ The positive part of the numerator of eqn. (18) is acting so as to 
0-8 reduce the high-frequency gain and contains the principal con- 
tribution due to the phase-advance network. Whilst the 
Koo? principal function of the phase-advance network is that of 
shaping the phase-amplitude response at frequencies remote 
ag from the working band to achieve stability and minimize response 
0-5 peaks, the contributions inside the working band may be 
appreciable. If the resulting characteristic shows a fall with 
Cena iS), 2. iS 6s te oS nie 10 frequency, fairly accurate correction may be made by a series 


wt 
Fig. 6.—Variation of K for amplifier unit 1. 


an |8A| for decreasing frequency, this relationship is involved 
uly to a small extent in the amplifiers described, where it has 
en necessary to maintain |BA| at the lower frequencies to 
tain the necessary frequency response. 


RC network across the feedback tapping if the original error 
does not exceed 0:1%. If B > 1, however, this method is not 
applicable. 
Where the feedback resistor is used additionally as a tapped 
divider across the output to provide a number of different gains, 
only minor correction to the feedback circuits may be made as 
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the frequency characteristics of the various gain positions must 
not be impaired. Fora number of cascaded amplifiers, however, 
individual correction need not necessarily be made. It seems 
likely that with a more complicated phase-advance structure the 
gain/frequency characteristic could be improved, for example by 
making y a frequency variable. 

Measurement of the frequency/gain characteristics of the 
amplifiers described in Section 3.4 shows that in the worst case 
there is a fall of 0-1% at the highest frequency without correc- 
tion. The calculated values agree to within a few parts in 10* 
with the measured values. As the effect of stray capacitances 
cannot be accounted for the agreement is surprisingly good. 

A similar analysis may be made at low frequencies. An exact 
solution including the effects of cathode and screen by-passes in 
addition to inter-stage couplings is, however, considerably 
involved. For a minimum frequency of 30c/s it is practicable 
to use couplings sufficiently large for the error due to them at 
this frequency to be significantly less than that due to screen and 
cathode by-passes. 

In the absence of screen and cathode by-passes the circuit 
reduces to two time-constants, 7 and 1.7, 7 being the dominant 
and thus smaller time-constant. By an analysis similar to the 
mid-frequency case, 


An af (1 ieee! ) ee 1 ) 3 + BA,,) 1 
Ai | " qy272 G w7ng w?77n, 


2 BA) 


A 


. (18) 


[The discussion on the above paper will be found on page 337.] 
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a 


As an example, suppose BA = 50, 7 = 0-1sec and n, =} 
then at 30c/s the error is roughly 1 part in 10°. The princip 
design problem is then to provide adequate by-passing in scre¢ 
and cathode circuits. As the relation between phase and amp 
tude depends upon the valve and circuit parameters a gene 
design procedure is difficult. If the gain of the circuit excludi 
the coupling capacitors is calculated from the standard formula 
and expressed at the lowest frequency as 


Kye ameye 
Ame + jd (H 
then we can write 
c* + d? ac + bd 
al py EE ge @ 
[Aj (i cpap j 


When |A,,/A,| is near unity the deviation is again one-half # 
right-hand term. The relative importance of the various ter 


circuit the coefficients a, b, c and d may be adjusted so that 4 
deviation from unity of |A,,/A/| is sufficiently small. The add 
tional loss due to the dominant coupling time-constant cirex 
may then be introduced in the gain equation to check if a 
further adjustment of values is desirable. Stability is improve 
by making the dominant coupling a phase-advance netw9) 
without materially affecting the gain in the working band. 


314.224 


b 
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SUMMARY 
urrent transformers of existing design are found to have large 
i-frequency errors. The causes of these errors are examined and 
shown that they are due to the high values of leakage inductance, 
‘capacitance and concentrated inter-winding capacitance that 
it from the conyentional multi-layer form of construction. Greatly 
roved performance can be obtained if the windings are arranged 
niformly-distributed single layers with a suitable thickness of insula- 
‘between them. Approximate formulae for calculating the various 
stants and errors of a transformer having single-layer windings 
given, together with a design procedure for any specified limit of 
i over a wide band of frequencies. The practical aspects of the 
gn are also discussed. 
fulti-ratio transformers in which all the ratios have virtually 
itical errors over a band of frequencies can be obtained by sub- 
ding single-layer primary windings into sections, all of which are 
i by means of series-parallel connections for each ratio. 
letails are given of the design and performance of precision single- 
© multi-ratio transformers rated from 5/5 to 400/Samp. Their 
rs do not exceed 5 parts in 105 in ratio and 0-3’ in phase over the 
fuency range 400c/s—10kc/s and are less than 2 parts in 104 and 
ver the range 50c/s—30 kc/s. 


LIST OF PRINCIPAL SYMBOLS 


I, = Current at primary terminals. 

I, = Current at secondary terminals. 
I,|[I, = True ratio. 

N, = Number of primary turns. 

N, = Number of secondary turns. 

T = N,/N,. 

R, = A.C. resistance of primary winding. 
R, = A.C. resistance of secondary winding. 
R, = A.C. resistance of secondary burden. 
L, = Leakage inductance of primary winding. 
L, = Leakage inductance of secondary winding. 


Ss 

L,, = Inductance of secondary burden. 

Z, = R, + jwL,. 

Z, = R, + joL,. 

Zp = R, + jwLy,. 

Z = Z, + T?Z, = Total impedance referred to secon- 

dary winding. 
Z, = Effective impedance for core magnetizing and loss 


currents. 
C, = Effective lumped self-capacitance of the primary 
winding. 
C, = Effective lumped self-capacitance of the secondary 
winding. 


_ C, = Total capacitance between the windings. 
, Y,, Y = Admittances of C,, C, and C, respectively, neglect- 
ing loss components. mye 
€ = Permittivity of the interwinding insulation. 


w = 2nf, where f is the frequency in cycles per second. 


le paper is an official communication from the National Physical Laboratory. 


(1) INTRODUCTION 


During the past few years there has been an increasing demand 
for the accurate measurement of alternating currents up to a 
few hundreds of amperes in the audio-frequency range of 
400c/s-10ke/s. For currents greater than about 5 amp, current 
transformers have been used and the Laboratory has been called 
upon to test these instruments, usually up to 2:4kc/s but occa- 
sionally at higher frequencies. The majority of the transformers 
were toroidally wound and purported to be of precision grade 
yet were found to be wholly unsuitable for accurate measurement 
in the audio-frequency band. 

In most cases it was found that as the test frequency was raised 


(a) The secondary current became greater than its nominal value 
with a lagging phase angle, the errors increasing approximately as 
the square of the frequency. 

(b) The errors became increasingly dependent upon the circuit 
conditions, being different for each of the four possible positions of 
a connecting link between the primary and secondary circuits. 

(c) The winding resistance increased by a factor of two or more, 
developing unduly high internal temperatures. 

(d) The primary voltage required to supply the transformer 
increased to a prohibitively high value. 

(e) In the case of tapped-primary multi-ratio instruments, the 
errors for the various ratios became increasingly different. 

In the following Sections the causes of the errors and defects 
which occur in transformers of existing conventional design are 
examined and means are indicated whereby they may be reduced. 
The design criteria for standard transformers capable of operating 
over a wide range of frequencies with very high accuracy are 
discussed, and finally the details and performance of a range of 
instruments that have recently been constructed at the Laboratory 


are given. 


(2) THE CAUSES OF HIGH-FREQUENCY ERROR 


The well-known text-book theory of current transformers takes 
into account only the effects of the core exciting currents, the 
impedances of the windings and the secondary burden, and there- 
fore gives no indication of the causes of the phenomena which 
have been listed in Section 1. In an exhaustive analysis, how- 
ever, Arnold! has considered the effect of capacitance on the 
performance of multi-layer toroidally-wound transformers. 
Assuming that the capacitance currents are small compared with 
the main currents, he has developed a series of equations for 
various distributions of the inter-winding capacitances, from 
which the transformer errors may be deduced. In view of the 
number and complexity of the equations it is not proposed to 
reproduce them here, and reference should be made to the original 
paper for the details. They are, however, of the general form 
=! jl sg ASN | Ynz 

TZ, T? 


True ratio 
Turns ratio 


Z5) Sir Y,Zp 


Y ky AS yp 
Y a fas Tk 1 
a + aya £ ka) qa cae (hs: ETA) ae 


where k,, ky, k, and k4 are constants derived from expressions 
which involve the distribution of the inter-winding admittance Y. 
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The authors of the present paper have carried out experi- 
mental work on several toroidal transformers with multi-layer 
windings and have found that the ratio and phase-angle errors 
calculated from the appropriate equations were in very close 
agreement with the measured values. It was further found that, 
with increasing frequency, the bulk of the overall error was 
accounted for by the effects of leakage inductance and winding 
resistance combined with the value and distribution of the inter- 
winding capacitance, i.e. by the term in eqn. (1) which involves 
the product YZ. The overall values obtained in one typical case 
are given in Table 1. Each winding of this transformer had 


Table 1 


Measured values Calculated values 


Frequency True ratio 


Turns ratio 


True ratio 


ee Phase angle 
Turns ratio 


Phase angle 


With terminals M and @) linked 
c/s minutes 
400 0-9997 
1000 0-998 2 
2000 0-992 8 


minutes 


With terminals L and () linked 


400 
1000 
2000 


0-9999 
0-999") 
OF9989— 5 


1000 turns uniformly distributed around the core in five layers. 
The total leakage inductance was 5:5mH, the inter-winding 
capacitance was 5000 pF, mainly concentrated between the L, 
and () terminals, and the resistance of the windings at 2kc/s 
was 34 times the d.c. value. Attention is drawn to the magnitude 
of the errors and their dependence upon the circuit conditions: 
such large errors are a direct consequence of the effects that 
result from the use of the conventional multi-layer form of 
construction. 


(3) DESIGN CONSIDERATIONS FOR 
WIDE-FREQUENCY-BAND OPERATION 

It was considered necessary for the Laboratory to have 
standard current transformers, ratios 5/5 to 400/5, whose errors 
did not exceed | x 10~4 in magnitude or phase for any method 
of circuit connection throughout the frequency band 400c/s— 
10kc/s and, if possible, over an even wider band. In order 
that transformers complying with this specification may be 
constructed it is first necessary to find a design that will give a 
value for the product of leakage inductance and inter-winding 
capacitance several orders of magnitude lower than that given 
by existing designs. It is also desirable that the new design 
should result in a favourable distribution of the capacitances. 
It will be shown that these requirements can be realized by 
adopting a single-layer method of winding, and the following 
Sections deal with the theoretical and practical aspects of such 
transformers. 

Examination of Arnold’s equations shows that the optimum 
performance of a transformer is obtained if the leakage induc- 
tances, inter-winding capacitances and resistances are uniformly 


distributed. In this case eqn. (1) becomes 
True ratio Vie aA 4 

aS ! Ss ey Pp Fi, ; 
Turns ratio Tez. \ Fo 24) + Y;Zp 


ite 
prlZd T) + Z(1 — T)?] (2) 
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Eqn. (2) applies when there is no direct connection betw 
the primary and secondary circuits. When these are joined 
a low-impedance link the last term in eqn. (2) must be modified 


ae Uze +7) 447,00 +7472] 


when the link connects M and () or L and ™) 


Y , 
mes a 47,1 = Ly 
or aqal4Z — T) + 426 J 


when the link connects M and @) or L and (. 

The necessary condition of uniform distribution can be realizj 
in practice by winding the primary and secondary turns each 
single layer around the core. 

In the present application we are only concerned with st 
down or unity-ratio transformers. The maximum value of 
form of the important last term in eqn. (2) is then Y(Z/2 + 4 
this occurring when the turns ratio, T, has its minimum value! 
unity. Since standard transformers are invariably used in d 
laboratory with non-inductive burdens, the maximum error 4 
the maximum change in error that can occur due to this te; 
may be written as —4w?C,(L, + L,) + jwC,(R, + Ry + 2K) 
It will be convenient to consider the two components of 1 
error separately. 


(3.1) Leakage Inductance in Toroidal Transformers 

In the following treatment it is assumed that the seconda 

turns are wound next to the core and that the conductors i 

winding are so close together that the leakage due to the 
around the individual wires may be neglected. 


(3.1.1) Primary Winding. 

The primary leakage inductance of a toroidal transform 
having multi-layer windings may be considered to be due to thr 
groups of flux paths: 


(a) Those which link all the primary turns but only part of t 
secondary. 
(6) Those which link all the primary but none of the seconda 


(c) Those which link only a part of the primary turns. | 


In such transformers the depth of the windings is usually lar 
compared with the thickness of the inter-winding space, al 
while this condition holds, variation in the dimension of ¢ 
space will have little effect on the leakage inductance. As f 
winding depth is reduced the inductance falls steadily and ti 
inter-winding space assumes an increasing importance. T 
limit is reached when the depth is reduced to that of a sing 
layer. 

Fig. 1 shows the cross-section of a single-layer unity-ra' 
transformer having all sections circular. If it is assumed thi 
all the leakage flux is located in the annular space defined by ti 
axes of the conductors, then it can be shown that the prima 
leakage inductance is given by 


207 


2 
Qa + 2d+t)(t+d)x10-%henry . & 

In practice, the section of the core will be rectangular rath 
than circular, but eqn. (3) may still be used with reasonab 
accuracy if 1/\/7r times the square root of the core area is take 
for the value of the dimension a. The manner in which tl 
inductance is dependent upon the thickness of the inter-windin 
space, t, will clearly be noted. 


(3.1.2) Secondary Winding. 


It is generally conceded that the secondary leakage inducta 
of a toroidal transformer is small if both windings are unifor 


L,= 


ig. 1.—Dimensions of transformer with single-layer windings and 
all sections circular. 


tributed around the core. In the case of single-layer-wound 
truments, analysis of the errors has shown that the secondary 
kage could not have exceeded 5% of the total. For such 
nsformers the secondary leakage can therefore be neglected. 


(3.2) Inter-winding Capacitance 


f the dimensions are such that the effect of the conductor 
ipe may be ignored, the two single-layer windings of a trans- 
mer can be considered to form the plates of a condenser 
Ose capacitance, C,, is given approximately by 


0 2a 2a Tt 
ye (eee 


Gh Sag abe es 


) x 10-2 farad . . (4) 
is capacitance will be uniformly distributed. When the 
nension ¢ becomes smaller than d the conductor shape can no 
ier be ignored, and for conductors of circular cross-section 
Joser approximation can be obtained by multiplying eqn. (4) 
a factor F given by 


d2 


2i7 
4 4 
ie iy oe are tan WV 53 (4a) 


.3) The Product of Inter-winding Capacitance and Leakage 
i Inductance 


The maximum value of the in-phase component of the error 
> to the last term in eqn. (2) can be obtained by combining 
s. (3), (4) and (4a), which gives 


; N,\2jt+4 2: 
aC (L, + L,) = sue 2) ( )@a + 2d + 1?F x 10 20 
(5) 


n practice, N,, a, d and ¢ may all vary over a wide range and 
s not feasible to examine eqn. (5) in a general manner. The 
1ension d, however, is usually determined by the current 
ing of the transformer. In the present application this rating 
amp, for which a conductor diameter of 0-16cm (16 S.W.g.) 
y be considered appropriate. The curves given in Fig. 2 
n illustrate the manner in which C,(L, + L,)/€(aN,/3)* 
ies for different values of a and tf when d=0-l6cm. In 
h case it will be noted that, as ¢ is increased from a very small 
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70 


} + } 
CONDUCTOR DIAMETER 
d=0:°16 cm 


(e) 0-1 0-2 0:3 0:4 0:5 0-6 Or7 
INSULATION THICKNESS, cm 


Fig. 2.—Change in the product of leakage inductance and inter-winding 
capacitance with variation of the insulation thickness. 


quantity, the expression at first decreases rapidly and then 
becomes roughly constant. In the range where the error due 
to the last term of eqn. (2) is nearly independent of the value of f, 
the leakage inductance is increasing at about the same rate as 
the inter-winding capacitance is decreasing. Since the primary 
voltage drop at high frequencies is almost directly proportional 
to the leakage inductance and it is desirable that the former 
should be as low as possible, the smallest permissible value for 
t should be selected. It is suggested that this is given by values 
of ¢ which correspond to 110% of the minimum of each of the 
curves in Fig. 2. The intercepts on these curves have been 
drawn accordingly, and it will be noticed that even over a 16: 1 
range in core area the optimum thickness of the insulation space 
varies only between 0-12 and 0:2cm, a thickness not very 
different from the conductor diameter. 

A series of curves for other values of a and d can readily be 
constructed, and using these in conjunction with eqn. (5) the 
maximum permissible number of turns, N,, for any designed 
limit of error and frequency may be calculated. Fewer turns 
should not be used since this may adversely affect the errors at 
the lowest frequency of use or restrict the width of the working 
frequency band; reference to this will be made later. The size 
of core necessary to accommodate the required number of turns 
in a single layer can then be readily determined. 

Several single-layer Samp-secondary transformers with dif- 
fering numbers of turns and various core sizes have been 
constructed and their inter-winding capacitances and leakage 
inductances measured. In all cases the value of C,(L, + L,) 
calculated by means of eqn. (5) agreed with the measured product 
value to within 20%. The measured capacitances were, how- 
ever, consistently lower and the leakage inductances consistently 
higher than their calculated values. This is due to the gaps 
which inevitably occur between adjacent turns around the outer 
circumference of the core and for which no allowance has been 
made. Better agreement can be obtained by multiplying the 
values of L, and C, calculated from eqns. (3) and (4) by empirical 
factors of 5/4 and 4/5 respectively. 


(3.4) Inter-winding Capacitance and Circuit Resistance 


The maximum value of the quadrature component of the error 
due to the last term in eqn. (2) is jwC,(R, + R, + 2R;,)/2. 
Since the value of C, in a given transformer is fixed by the con- 
siderations discussed in the previous Section the error is largely 
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controlled by the resistance of the windings. In multi-layer 
coils, skin and proximity effects cause the winding resistance to 
rise rapidly with the frequency, the effect being a function of 
the number of layers. The effect is a minimum in a single- 
layer coil but even so may amount to a factor of two at 10kc/s 
in a Samp conductor and must be allowed for. 


(3.5) Self-Capacitance of the Windings 


The two remaining high-frequency error terms, Y,(Z + Z,)/ Te 
and Y,Z,, involve the self-capacitances of the windings. An 
isolated single-layer coil has a much smaller self-capacitance 
than the equivalent multi-layer coil since it has no layer-to-layer 
capacitances. The capacitance effective at the ends of a single- 
layer coil can be obtained approximately by using the well-known 
formula for round parallel wires to calculate the turn-to-turn 
capacitance and then dividing this result by the number of 
turns. It will be found that the self-capacitance is very small 
and usually it will be swamped by the capacitance of the leads 
used to connect the coil to its external terminals. In order to 
keep the lead capacitance small without introducing an unneces- 
sary amount of inductance these leads must be kept as short as 
possible. 


(3.5.1) The Primary Winding. 

In a toroidal transformer the primary winding is usually the 
outermost and allowance must therefore be made for its capaci- 
tance to earth. Using the dimensions of Fig. 1 and assuming 
that the earth capacitance is uniformly distributed, its effective 
value at the terminals of the winding is 7/(pa)/18pF. The 
total self-capacitance of a single-layer primary winding (turn- 
to-turn plus leads plus earth capacitances) will always be many 
times smaller than the inter-winding capacitance, and conse- 
quently the error due to the term of eqn. (2) which involves Y,, 
will be small compared with that involving Y. 


(3.5.2) The Secondary Winding. 


To the self-capacitance of the secondary winding and its leads 
must be added the effective value of its capacitance to the con- 
ducting core. Knowing the thickness of the insulation the 
open-circuit capacitance between core and winding can be 
calculated using an equation similar in form to that of eqn. (4). 
Since the turns are wound in a single layer this capacitance is 
uniformly distributed and its effective value at the terminals is 
one-twelfth the open-circuit value. If the insulation space 
between core and winding is made comparable in thickness to 
that between the windings, then the error due to the term 
involving Y, will also be small compared with that involving Y. 


(3.6) Low-Frequency Errors 


As the frequency is reduced, the remaining term of egn. (2), 
(Z, + Z,)/T*Z,, assumes an increasing importance, and at the 
lowest frequency of use the error of a well-designed transformer 
should be determined entirely by this term. Since it has been 
shown that the secondary leakage inductance of a single-layer 
toroidal transformer is negligibly small and non-inductive 
burdens are being considered, we may write R, + R, for Z, + Z,. 
Using the dimensions of Fig. 1 it can then be shown that the 
frequency, f, and the phase error, yy, due to the reactive part of 
Z, are related by 
__ 8 x 10’p(R, + R) 


P= ENB Ta apy 


(6) 


where y is in radians and pf is the permeability of the core at 
frequency f. Since all the quantities on the right-hand side of 
eqn. (©) except jz, and yy have been fixed by the high-frequency 
requirements, the lowest working frequency for a given phase 
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error is inversely proportional to the permeability of the c 
Small errors at low audio frequencies therefore necessitate > 
use of those core materials which have very high values of in 
permeability. 

The error due to the resistive component of Z, results fi 
the hysteresis and eddy-current losses in the core. Wit 
resistive secondary circuit the eddy-current losses will rem 
constant but the hysteresis losses will increase as the freque 
is reduced; consequently, the error due to the combined lo’ 
will have its maximum value at the lowest frequency of ° 
The total loss in thin-strip high-permeability material is @ 
small, and at the low levels of flux density required in a curr 
transformer no difficulty is experienced in reducing the ma 
tude error to a value well below that of the phase error git 
by eqn. (6). In order to calculate the magnitude error j 
usual to consult the published curves which give total lonh 
functions of the flux density, frequency and strip thickness. _ 


(3.7) Multi-Ratio Transformers 


The conventional tapped primary winding having graded ¢ 
ductor sizes is unsatisfactory for wide-frequency-band operat: 
One of the many disadvantages lies in the fact that, at the h¢ 
audio frequencies, the errors are certain to be different for « 
ratio. The most efficient form of construction is to use a! 
winding turns for every ratio. If, therefore, the turns 
complete single-layer primary winding are divided into secii 
which are reconnected by series-parallel arrangements, a mul 
ratio transformer will be obtained which possesses al’ 
advantages of the single-layer form of construction. The i: 
dances of the individual sections will be virtually identical, . 
consequently the errors of the various ratios will be sufficie 
alike for a single calibration to be used. 

The greatest restriction imposed by the series-parallel typ 
winding is on the number of ratios that conveniently may 
provided. When, however, the operating conditions are sé\ 
the convenience of many ratios or the ease of changing them i 
secondary importance and the series-parallel method must 
used. 


(4) DESIGN PROCEDURE 


The final design of most transformers which are requirec 
work over a wide band of frequencies is often a compror 
between the high- and low-frequency requirements, and trial-a 
error methods may be necessary. In the present type of tra 
former the diameter of the conductors, d, and the resistance 
the external burden, R,, will be fixed by the current and p 
ratings, but there is a certain amount of latitude in the choic 
the area of the magnetic core. Experience, however, has sha 
the need for at least 3cm? but not more than 10cm? of < 
area when precision accuracy is required at low audio frequena 
It is suggested, therefore, that an area of about 6cm?2 should 
taken for an initial design, i.e. the dimension 2a should be f 
at2-S5cm. The procedure then to be adopted for any step-d 
ratio transformer is first to determine the values of the remaiti 
parameters for the unity-ratio case in the following order: 

(a) From the curves of Fig. 2 find the optimum thickness, 
the interwinding space and decide upon a suitable dielectric mate: 

(5) Using eqn. (5) calculate the number of turns, Np, for 
specified error limit at the highest frequency of use. 

(c) Calculate the mean magnetic radius, p, of a core which: 
accommodate N;(=N,) turns in a single layer and deduce Rp ane 

(d) Calculate from eqn. (6) the minimum value of the 
permeability, wr, required for the specified low-frequency error 

(e) Calculate Lp, Cy, Cp and Cs, determine the values of Z 
both frequencies and then evaluate the remaining errors. 

If the overall errors are now greater than specified, a s 
trial with a suitably adjusted value for 2a will be necess 
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vill be realized that the limitations in the properties of existing 
‘¢ materials set a lower limit to the errors that can be obtained 
-any specified frequency bandwidth. A worked example and 
able showing the relative values of the various errors are given 
Section 9. 

When the final design details have been settled the required 
io or ratios can be obtained by subdividing the primary 
iding into the appropriate number of sections and providing 
means for series-paralleling them. 


' 


| (5) PRACTICAL ASPECTS OF DESIGN 


@) Core.—Strip-wound clock-spring cores are now obtainable 
h an initial d.c. permeability of 45000 + 10%. Such high 
ues can only be maintained if the core is protected from 
chanical deformation and pressure during winding. This is 
st done by encasing the core loosely in a rigid plastic box of 
Il thickness about 0-1cm. The use of hard core impreg- 
ats is prohibited, but soft greases may be used to limit any 
wements.? The strip thickness should be in the range 
J05—0-O01cm in order to obtain an acceptable compromise 
‘ween the electrical and mechanical properties. Strip thicker 
in 0-01 cm will have unnecessarily high losses and a rapid fall 
permeability with increase in frequency, whilst cores with 
ip thinner than 0-005cm and large enough to be of use for a 
trent transformer are likely to be loosely coiled, have a poor 
ace factor and be difficult to handle. 

‘b) Windings.—Synthetic-enamelled wire should be used for 
> conductors. Silk or cotton coverings and all hygroscopic 
wlating materials are to be avoided. In order to prevent 
sessive capacitance between the end turns of any winding a 
all portion of the core (0-5cm) should be left unwound, but 
> gap in the primary winding must be in the same place 
ative to the core as the gap in the secondary winding. When 
> minimum rated current of any primary section of a multi- 
io transformer is to exceed Samp, undue paralleling of the 
aductors can be avoided by using flat strip 0-16cm thick 
tead of round wires. The width of such strip should not, 
wever, exceed about 1cm, since it would then be difficult to 
nd closely over the inter-winding insulation and the resulting 
mary turns would be skewed with respect to the secondary 
ns. 

(¢) Inter-winding Space.—The calculated thickness of the inter- 
ading space is best realized by binding flexible strips and 
nular discs of polyethylene sheet into position by narrow thin 
lyethylene tape. This material has the advantage of low 
Mnittivity and negligible power loss throughout the audio- 
quency band. 

d) Terminals and Terminations.—The leads joining the main- 
rent terminals to the ends of the primary windings should be 
itinuations of the conductors wound on the core, arranged 
a system of identical go-and-return pairs disposed symmetri- 
ly with respect to the axis of the core. The length of the 
ds need not exceed 10cm. 

[he spacing between the main-current terminals should be as 
all as possible in order to keep the series inductance and the 
istance of the series-parallel links to a minimum. Contact 
istance can be reduced by heavily silver-plating the terminals 
1 links. For primary currents above about 100amp the 
minals should be replaced by flat parallel busbars separated 
as little as 0:1 cm. 


(6) CONSTRUCTION AND PERFORMANCE OF THE 
: N.P.L. STANDARD TRANSFORMERS 


Sour standard multi-ratio transformers designed to have 
Ors not exceeding 1 part in 10* over the frequency range 
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400c/s-10kce/s were constructed. All had 5amp secondary 
windings, and between them rated primary currents from 5 to 
400 amp were covered. Certain ratios were duplicated for the 
purpose of comparison tests. 


(6.1) Constructional Details 


(a) Core.—Clock-spring 15cm o.d. x 10cmi.d. of 0-O01cm x 
2:5em 77/14H.P. nickel-iron alloy strip. Weight, 2 kg. 

(6) Secondary Winding.—160 turns of 0:16cm enamelled 
round copper wire wound in a uniformly distributed single 
layer, Resistances: 0:17 ohm (d.c.) and 0°4 ohm (10 ke/s). 

(c) Interwinding Insulation.—Polyethylene sheet and film to a 
thickness of 0:18 cm. 

(d) Primary Winding —0:16cm enamelled round wire or 
0:64cm x 0-16cm enamelled strip wound in a uniformly 
distributed single layer and sectionalized for series-parallel 
connections. The main-current busbars of the 200 and 400 amp 
transformer were 6cm xX 0:6cm in section separated by 0.1cm. 
The inductance of these busbars was estimated to be 5myH. 

The leakage inductance referred to the secondary and the 
capacitance between windings were measured and found to be 
about 50H and 200 pF respectively for each transformer. 


(6.2) Performance 


The ratios and phase angles of the transformers were measured 
by the bridge method which uses one resistance standard in 
series with the primary circuit and another in the secondary 
circuit. Unwanted electromagnetic and electrostatic couplings 
between the circuit components become increasingly important 
at high audio frequencies, and extreme care is necessary in order 
to eliminate errors in measurement due to their effects. The 
measurements are difficult and involve special detection equip- 
ment and new techniques. The details are outside the scope 
of this paper but have been described in full in a companion 
paper.* Table 2 gives the results obtained for all three ratios 


Table 2 


At 


Percentage of 
Ske/s 


rated current 


At 
10 ke/s 


At At At 
400 c/s 1kc/s 3ke/s 


pe True ratio/Turns ratio 


120-10 1-000 04 | 1-00004 | 1:00004 | 1-:00003 | 1-00002 


Phase angle 
min 
+0-08 
+0-08 
+0:08 
+0-08 
+0:-08 


min 
+0-12 
+0-13 
+0:14 
+0-14 
+0:14 


of one of the standard transformers, tested at its rated non- 
inductive burden of 5VA. The phase angles are given in the 
more usual form of minutes of arc. The uncertainty in any 
value is estimated not to exceed 2 parts in 10° and 0-05’. 

The maximum changes in error at 10 kc/s due to the connection 
of a low-impedance link between any primary and any secondary 
terminal were less than 3 parts in 10° and 0-03’. 

The other transformers were found to have errors identical 
within one or two parts in 10° of those given in Table 2. 

Tests were also made on a 5/5 ratio at frequencies outside the 
design range. At full-load current and 50c/s the errors were 
+1 part in 104 and +1’, whilst at 30kc/s they did not exceed 
+1 part in 10* and +0-1’ with any condition of primary to 
secondary linkage. 

All the measured errors have been confirmed by calculation 
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using eqn. (2), and the agreement obtained was within the limits 
of the experimental uncertainties. 
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(9) APPENDIX 
Design of a Precision Current Transformer 


(a) Specification.— 
Rated secondary current 
Rated secondary burden 
Frequency range 
Error limits 


Samp. 

1 ohm, non-inductive. 

400 c/s—30 ke/s. 

+3 parts in 10* for magni- 
tude and phase. 


(b) Procedure.—Fix conductor diameter, core cross-section 
and permittivity of inter-winding insulation taking d = 0-16cm, 
INGE = POG AUNGl == WEY, 

Assume the resistance of windings at 400c/s to be the same 
as on direct current and at 30kc/s to be three times as great. 
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From the appropriate curves and equations the following dal 
are then obtained: 


t (optimum insulation thickness) 0-17 cm. 

210 

6:5cm. 

0-23 ohm at 400c/s, 
0:7 ohm at 30kc/s. 


ee Be 0 oe 
p (mean radius of core) .. 
Ry R, 


(minimum permeability at 


400c/s).. 29 000. ' 
ee ae ws ae .. 50H (corrected value). 
Ces wu es ah .. 280pF (corrected value), 
Cras: ae at ft PutatO pre 
Ge a PP: oe = +4) SDE: / 


Taking the strip thickness of the core material to be 0:01 
the following information is obtained from published data: 


Total core loss at 400c/s 2-75mW. 
Total core loss at 30kc/s 2:-OmW. { 
Permeability at 30kc/s 8 000. 


The individual error terms of eqn. (2) calculated from 4 
above values and the overall error of the transformer are g’yv 
in Table 3. 

Table 3 


Value of error term, parts in 10+ 
Error term 


At 400c/s At 30kce/s 


(Zp =H Zs\1[Zc 


0-95 7350 
YZ + Zp) 


JO-1 
36 OO 


0-57 OFZ 
a2 


0: 

YsZp 0- 
Maximum value of 0- 
last term, i.e. 
Y(Z/2 + Zp) 


Maximum overall 
error 


The overall errors of the transformer at the extreme frequencies of use are wif 
the specified limits. | 


[The discussion on the above paper will be found on page 337.] 
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SUMMARY 


ten standard current transformers are tested at high audio 
encies the errors and uncertainties in the measurements are 
‘to be great owing to the effects of stray magnetic fields on the 
“unshielded resistors which of necessity have to be used. The 
es of stray fields are examined and means are suggested for 
antially reducing them. It is shown that the 4-terminal resistance 
ards used in current-transformer testing bridges are very fre- 
cy-dependent and present techniques limit the accuracy of 
urement at 20kc/s to 2 parts in 104 in ratio and 0-8’ in phase. 

sw techniques are described by which the errors and uncertainties 
1e reduced to give an accuracy of 5 parts in 105 and 0-1’ at 20kc/s. 


(1) INTRODUCTION 


1e theory and design of precision toroidally-wound current 
‘formers has now been developed to the extent that their 
Irmance can be calculated to an accuracy better than 1 part 
)* in magnitude and phase for frequencies of use up to at 
20kc/s.!_ Transformers having overall calculated errors of 
vy parts in 10° over the frequency range 400c/s—10kc/s have 
itly been constructed at the Laboratory, and it was essential 
the theoretical values should be verified experimentally. 
f power frequencies the ‘absolute’ errors of a standard 
sformer are invariably determined by the null bridge method 
h uses two standard 4-terminal non-inductive resistors, one 
ected in series with the primary and the other in series with 
econdary circuit. It was considered that this method would 
e satisfactory for audio frequencies, provided that tech- 
es were used which would eliminate the errors due to those 
ts which, though insignificantly small at power frequencies, 
ase proportionally with the frequency. The major difference 
een the current-transformer testing bridge and most other 
bridges is that all the main components are of very low 
dance and are large in size, and the working currents are 
high, frequently of the order of hundreds of amperes. The 
* and the high power dissipation of heavy-current resistance 
lards make efficient electromagnetic shielding a difficult 
expensive process and consequently it is rare for such 
ds to be fitted. If, therefore, the errors in measurement at 
audio frequencies due to unwanted e.m.f.’s induced in the 
ors are not to exceed a few parts in 10°, measures must 
ken to ensure that the stray magnetic fields produced by the 
currents in the circuit are reduced to an extremely low 
A further source of error, and one not always appreciated, 
@ degree of dependence upon frequency of the resistance 
ime-constant of 4-terminal standard resistors. 
e following Sections deal with many aspects of precise 
urement of current transformers over a wide band of fre- 
cies and currents, and an account is given of a test procedure 
1 virtually eliminates all the errors and uncertainties of the 
ard method. 


1¢ 0-01-ohm 200amp standard a.c. resistors used at the N.P.L. are about 
mg < 18in high x 8in wide. 


paper is an official communication from the National Physical Laboratory. 


(2) STRAY MAGNETIC FIELDS 

The errors in measurement due to unwanted inductive 
couplings in the circuit are mainly caused by the stray magnetic 
fields of the primary-current supply leads and of the power 
transformer. The errors are proportional to frequency and 
consequently the precautions that are normally taken to avoid - 
error at power frequencies may prove inadequate at audio fre- 
quencies. The problem of the reduction of these stray fields is 
closely linked with the problem of the transmission of large a.f. 
currents without excessive loss, and therefore the two aspects will 
be considered together. 


(2.1) The Primary-Current Supply Leads 


For a.f. currents greater than about 20amp, twisted-pair 
circular-section conductors must not be used and should be 
replaced by a system having much smaller self-inductance and 
stray magnetic field. Concentric tubular conductors are not 
recommended, however, owing to the extreme difficulty of 
providing satisfactory end connections for the tubes, especially 
for the section of the circuit joining the standard resistor to the 
primary of the current transformer. Suitably low values of self- 
inductance and small external field can be obtained from go-and- 
return conductors arranged in the form of very thin flat strips 
with a small separation between them. This system is easy to 
construct and has a measure of flexibility not possessed by 
concentric tubular conductors, and the provision of suitable end 
connections presents no difficulty. A further advantage of thin 
strip conductors is that their large ratio of surface to cross- 
sectional area allows them to be operated at very high current 
densities without undue temperature rise. For example, two 
copper strips #;in x 2in separated by 0-01 in of insulation are 
sufficient for a 200amp go-and-return conductor system. 

The self-inductance of this particular system is approximately 
0-005 H/ft, and consequently the frequency can be raised to 
16 kc/s before the reactive voltage drop at rated current amounts 
to 0-1 volt/ft. 

The small separation of the conductors which enables low 
values of self-inductance and stray field to be obtained leads, 
however, to large self-capacitance. Part of this capacitance will 
be shunted across the primary of the current transformer being 
calibrated and part across the standard resistor in series with it, 
and errors in measurement may therefore arise. The capacitance 
of the conductors referred to is approximately 1000 pF/ft, and 
this would need to be shunted across 0-1 ohm in order to cause 
an error at 16kc/s of 1 part in 10°. Resistances and reactances 
as large as 0-1 ohm are only likely to occur in circuits where the 
maximum intended current is a few tens of amperes. In such 
cases much narrower conductor strip with smaller self-capaci- 
tance could be used. Experience with several parallel-strip 
systems has shown that errors due to the conductor capacitance 
can be made negligibly small. 


(2.2) The Power Transformer 


Even when parallel-strip conductors are used, the limited 
output available from most a.f. generators makes it necessary 
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for a heavy-current power transformer to be located within a 
few feet of the bridge components. In such circumstances it is 
essential for the transformer to be toroidally wound on a ring- 
shaped core. In order that the leakage reactances may be 
reduced as much as possible both the primary and secondary 
windings should be uniformly distributed, the terminal leads 
being arranged in close go-and-return pairs. A toroidal power 
transformer provided with four 3-volt 150amp secondary 
windings has been constructed at the Laboratory and its external 
field is so small that it may be brought to within 3ft of the 
circuit components before the bridge balance at 20kc/s is 
disturbed by 2 parts in 10°. 


(3) STRAY CAPACITANCES AND EARTHING 


Resistive leakage currents can be made negligibly small by 
using materials such as polyethylene for the insulation in all 
parts of the circuit. The transformer under test and the standard 
resistors can usually be arranged so that their mutual capaci- 
tances are as small as 10 pF whilst their earth capacitances are 
rarely as large as 5OpF. With stray capacitances of this order, 
errors in measurement are unlikely to be significant except in 
cases where the main current is less than about an ampere and 
where the circuit impedances exceed an ohm or so. In general 
it is not possible to use a Wagner earth on the bridge, on account 
of the low impedances in all the arms. It is, however, desirable 
to earth the bridge at one point, preferably where shown in 
Fig. 1. The mid-point of the primary of the power transformer 
may with advantage be earthed as well, but this is not always 
possible. 

When tests are made over a wide band of audio frequencies 
the detector circuit usually consists of a high-impedance detector 
amplifier and an oscillograph, isolated from the main circuit by 
a screened balanced detector transformer. The precautions 
needed to minimize the effects of stray-capacitance currents in 
the detector circuit are well known, but further improvement can 
be obtained if the power supplies of the amplifier and oscillo- 
graph are also isolated from the 50c/s mains supply by a low- 
admittance transformer. The magnetic shielding provided in 
the usual detector transformer may not be sufficient for the 
present application, and this transformer should, like others in 
the circuit, be toroidally wound. 


(4) THE FREQUENCY CHARACTERISTICS OF LOW-VALUE 
4-TERMINAL STANDARD RESISTORS 

Four-terminal standard resistors intended for alternating 
currents are usually constructed using a bifilar round-wire or 
folded flat-strip resistance element. These elements can be 
designed so that their time-constants are as small as 0:1 microsec, 
but they are rarely rated to carry currents in excess of a few 
amperes. When larger currents are required, it is customary to 
connect the requisite number of elements in parallel by means of 
copper busbars to which the main-current and voltage terminals 
are attached, and the time-constant of such a resistor is often 
very different from that of the individual elements. The busbars 
can be regarded as a transmission line having inductance and 
resistance with a uniformly distributed resistive leak, and conse- 
quently the magnitude and phase of the voltage drop across the 
bars change as the voltage points are moved from one end to 
the other. It has been shown? that a resistor cannot be made 
non-inductive unless the inductance of the busbars is at least 
six times the inductive component of the impedance of the 
resistive elements. In a heavy-current resistor the busbars may 
be long and of considerable cross-section and the changes in the 
resistance and inductance of the bars as the frequency is varied 
will have a marked effect on the performance of the complete 
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resistor. This phenomenon does not appear to have r 
much attention in the published literature. Formulae ar 
quently given for calculating the changes due to skin eff 
individual bifilar wire or strip elements, but such change; 
usually insignificant compared with those due to busbar eé 
The a.c. resistance and inductance of the busbars is very d 
dent upon their geometry, and it is not usually possible to 
culate the performance of a complete resistor over a rang 
audio frequencies with sufficient accuracy. Therefore the 1 
tance and time-constant of a standard resistor are always d 
mined by direct measurement. Table 1 gives the characteri 


Table 1 


Resistor A Resistor B Resistor C 
0-4 ohm 0-1 ohm ° 
Frequency Samp 20amp 200am: 
5 elements 40 elements 200 elements 
“T 
c/s A.C./D.C. resistance ratio | 
50 1-:0000 1-0000 1-0000 . 
500 1-:0000 1-0000 1-0000 
1000 1-0000 0:9999 0-9999 
5 000 1-000 1 0-9996 0-999 1 
10000 1-000 2 0:9994 0-998 4 
20000 1-:0006 0:9987 0-9979 
Time-constant 
Us Us Us 
50 +0-235 —0-006 +0-027 
500 +0-235 —0-005 +0-038 
1000 +0:235 —0-004 +0-058 
5000 +0:-235 +0-002 +0-108 
10000 +0:-234 +0:007 : 
| 20000 +0-233 +0:013 


of three resistors constructed with bifilar-wire elements, 4 
can be seen clearly that the frequency response is very depen 
upon the number of elements connected in parallel. { 
For comparison, the changes over the whole frequency «a 
for a single-element resistor without busbars were less than 1 | 
in 10* and 0-001 microsec. The large changes shown ini 
Table demonstrate the necessity of determining the valu 
standard resistors at every frequency of intended use. 
measurements are best carried out using Hartshorn’s? modi 
tion of the Kelvin double bridge. Rayner* has recently i 
duced a further modification which eliminates one of the ca 
of uncertainty in the method. With a suitable choice of ¢ 
ponents the uncertainties in the measurements can now 
reduced to 1 part in 10* in resistance and 0-001 microsec in t 
constant for all frequencies up to 20kc/s. Over a limited rij 
of resistance and provided the time-constants are small, 
resistance ratio of two standards may be determined te! 
accuracy of 5 parts in 10°. 


(5) EXPERIMENTAL DETAILS AND TEST PROCED 


The complete bridge circuit is shown in Fig. 1 and the follo: 
points of detail are to be noted. In order to ensure that 
adjustable shunts R,; and C, are always connected across} 
standard resistor Z, the latter is constructed so that its resist 
is about 0-1% above the nominal value and its time-cons 
is about 0-1 microsec more positive than that of any ¥ 
of Z,. The difficulty of providing suitable shunts for Z¥ 
large primary currents and low impedances are involve 
thereby avoided. Z, is usually between 0-1 ohm and 1 0 
and shunts consisting of a 4-decade capacitor sub-divideu 
100 pF and a 5-decade resistor subdivided to 0-1 ohm have ? 
found to meet most practical requirements. If, when 
detector deflection has been reduced to zero, the shunts ov 


have values of C, and R, and if R,, R,, 1, and /, are the rf 
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DETECTOR 
AMPLIFIER 


. 1.—Resistance-bridge method for the calibration of standard 
‘ current transformers. 


All voltage leads are arranged in closely twinned pairs. 


°s and residual inductances of Z, and Z, respectively, then 
ting terms in w*, the ratio of the transformer is given by 


R, ate (4 Pe. ee Ea ee 


— joo(1 — F(a — ce: =) » a) 


e ‘ratio’ is defined as the quotient of primary current over 
ndary current and w is 27 times the frequency. Eqn. (1) 
curate to 1 part in 10° at 20kc/s provided the time-constants 
le standard resistors do not exceed 0-5 microsec. 

ithough every care may have been taken to make the various 
7 electric fields as small as possible it cannot be assumed 
their effects have, in fact, been reduced to negligible propor- 
3, and consequently a single bridge-balancing operation does 
provide sufficient data to determine the true value of the 
sformer ratio. The most likely error is that due to e.m.f.’s 
ced in the voltage circuits of the standard resistors. If only 
resistor were so affected the mean of two readings obtained 
reversed leads would theoretically be free from error. 
e, however, either or both resistors and the detector trans- 
ler may be affected it is necessary to take pairs of readings, 
before and one after reversing the current and voltage leads 
» the current and voltage leads of Z, and the primary con- 
ions to the detector transformer, and then taking the mean 
e of the eight results obtained.* If one side of the generator 
tthed it is desirable to repeat the procedure after reversing 
supply leads to the power transformer. It will not always 
ecessary to carry out this procedure in full, but only inspec- 
of actual results can indicate which reversals may safely be 
sensed with. 

must be pointed out at this stage that when the above tests 
been completed the ratio of the transformer will have been 
sured for only one of the several conditions in which it 
be tested or used subsequently in practice. For example, 
* connections are made as shown in Fig. 1, then the M and 
srminals of the transformer are joined by a low-impedance 
and the ratio value would refer to that condition. The 
}for the condition that L and @™ are linked is determined 
eversing the leads to both the primary and secondary 
inals of the transformer and then repeating the test proce- 


F faa A aay 
1 general, this procedure will give the true result only if the effects of s 
tance are paall’and unchanged by the reversal of connections. In the present 


1e effects are negligibly small. 
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dure. The ratio when L and (© or M and @ are linked or 
when there is no connection between the circuits cannot be 
measured directly without the use of special apparatus, and it is 
usual to calculate the values relating to these conditions from 
other, indirect, measurements.> 

The accuracy with which the numerical values of the ratio and 
the phase angle of the transformer are finally obtained is entirely 
determined by the uncertainties in the values of the standard 
resistors and therefore at the worst may be no better than 2 parts 
in 104 and 0-85’. Whilst this accuracy is likely to be sufficient 
for most purposes it can be greatly improved upon if the stan- 
dard transformer being tested has windings giving a nominal 
primary/secondary ratio of unity. In these circumstances it 
is possible to determine all the ratios of the transformer to an 
accuracy better than 5 parts in 10° and 0-1’ at all frequencies 
up to 20kc/s without the need to know the precise values of the 
standard resistors. This method may be termed ‘self-checking’ 
or ‘self-calibrating’ and is described in Section 5.1. 


(5.1) Self-Checking Method for Highest Accuracy 


When the nominal ratio of the transformer under test is unity, 
the errors and uncertainties in the values of the standard resistors 
can be practically eliminated by repeating the test procedure 
after interchanging the resistors and then taking the mean of the 
results obtained. Inspection of eqn. (1), however, shows that 
in some circumstances not all the terms in w* are completely 
eliminated and at very high audio frequencies a small residual 
error is left. If the errors of the transformer do not exceed 
1 part in 103 in magnitude and 10’ in angle and standard resistors 
having time-constants less than 0-1 microsec are used in the 
tests, the simplified form of eqn. (2) may be used to evaluate the 
true ratio without introducing errors greater than about one part 
in 10° at 20ke/s. 


Ri 1 
T ome ( 
rue ratio aR, =P 


Ri 


R 
\= joa to) . @ 
where R is the nominal value of the standard resistors and 1/R,, 
C, and 1/R;, C; refer to the first and second sets of measurements 
respectively and are mean values obtained after carrying out the 
necessary reversals. 

After the unity ratio of the transformer has been determined, 
it can be used to obtain a calibration of the circuit which will 
be required for tests on the next ratio. Since the principle of 
the following method is the same whether step-up or step-down 
ratios are subsequently involved, description will be confined to 
the latter case. Without altering the connections to the unity- 
ratio windings of the transformer, the existing primary standard 
resistor is replaced by one of value appropriate to the next ratio. 
In order now to be able to balance the bridge, means for obtain- 
ing the requisite fraction of the voltage drop across the secondary 
resistor has to be provided. There are many ways of doing this, 
but the author prefers to use a tapped voltage-dividing resistor 
connected across the voltage points of the secondary standard 
resistor. This divider, the constructional details of which are 
given in Section 8, has interchangeable sections of nominally 
equal value, giving a total resistance of 100 ohms. Special 
voltage leads are provided so that the total lead capacitance of 
the branch of the detector circuit that is connected to the pick-off 
section or sections is less than 2pF. Consequently, for all 
practical purposes the errors of the voltage divider can be 
eliminated by repeating the bridge calibration for all the combina- 
tions of sections which give the desired voltage fraction and then 
taking the mean value. For example, whilst only two tests are 
required to obtain the true mid-point of a 2-section divider, ten 
tests with a 5-section divider are necessary for true fractions of 
2/5 or 3/5 to be obtained. 
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When finally the mean bridge calibration has been determined, 
the primary of the transformer is altered to give the desired 
step-down ratio and the bridge is re-balanced using the full 
voltage across the divider. The results then obtained, after 
correcting for the bridge calibration, give the true value of the 
new ratio. The process can be extended indefinitely, using the 
determined value of each ratio in turn to provide a bridge 
calibration for the next. 

It will be noted that the method described may involve a very 
large number of individual measurements, especially if the full 
procedure for the elimination of stray field errors is carried out 
at every stage. In general it will not be necessary to do this 
and frequently an experienced observer is able to reduce the 
number substantially below that theoretically necessary. 

The principles and methods of test described have been used to 
determine the errors of a series of multi-ratio precision current 
transformers rated between 5/5 and 400/5, at frequencies from 
400c/s to 20kc/s. The design of these transformers was such 
that their performance could be calculated to an accuracy of 
2 or 3 parts in 10° and 0-05’. Inall cases the agreement between 
the measured and calculated values was within the above limits. 


(5.2) Comparative Method for Routine Testing 


When calibrated standard transformers are available the 
routine testing of others can most easily be carried out by 
comparative methods. These have a great advantage over 
the ‘absolute’ or direct method in that only the difference in 
error between the standard and test transformers has to be 
measured and no heavy-current standard resistors are required. 
At least two types of self-contained current-transformer testing 
bridges working on this difference principle are available com- 
mercially and have been found satisfactory for their purpose up 
to the lower end of the a.f. band. For the frequency range 
covered in the present paper the simple bridge of Fig. 2 has 


Oo ©® 


PRE: 


Fig. 2.—Comparative method for testing current transformers. 


D = Detector. 
B = Added burden. 


been found to give excellent results. R, and R, are nominally 
equal non-inductive resistors designed to drop 1 volt at their 
rated current of Samp. Each is constructed from a single 
folded-strip element to which the main-current terminals are 
directly attached. The absence of busbars allows the strip to 
be folded back upon itself several times, making the complete 
unit small and very compact. The potential leads are very 
closely twinned with a minimum of insulation, and the potential 
terminals are arranged back-to-back with a separation of less 
than 1mm. Tests have shown these resistors to be virtually 
unaffected by stray magnetic fields. It is not necessary for the 
absolute resistances and time-constants of the resistors to be 
known, the errors of the test transformer being determined in 
terms of the standard transformer by taking the mean of two 
sets of measurements in which R, and R, are interchanged. 
Unlike the resistance-bridge method previously described, the 
comparative method enables the test transformer to be calibrated 
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either without a direct link between the circuits or with a 
in any of the four possible positions. Since the capacitan 
between the primary circuit and both secondary circuits 
shared by the transformers, the calibration of the test tr. 
former will be affected by the presence of the vert 


Sor 


secondary capacitances of the standard, and vice versa 
order that errors due to this cause should not arise, the de; 
of the standard transformer should be such that its prim. 
secondary capacitance is very small and that it is unaffected 
the external circuit conditions. 

Transformers having these qualities have been described 
companion paper! to which reference should be made. | 


| 
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(8) APPENDIX 
Voltage-Dividing Resistor 
Each section of the divider consists of a 20-ohm resi 
bifilar-wound ona lin x lin x 0-01 in mica card, with 0- 
diameter synthetic enamelled constantan wire. The t 
constants of individual sections were found to be less t 
0-01 microsec, the differences between any two not excee 
0-001 microsec. The resistance cards are arranged in a ci 
of about 3in diameter and are connected to a central cire: 
terminal panel by twinned stiff copper wires to form a whee} 
structure. The terminal block is $in diameter and is fitted + 
Zin X sin brass pins which serve to connect the section 
series and provide the voltage tapping points. Arrangem 
are made so that 4, 5 or 6 sections may be accommodated, 1 
giving voltage fractions covering all the ratios normally ma 
current-transformer testing. All connections are made 
soldering. The input and output leads of the divider lie 
the axis and on opposite sides of the plane containing 
resistance cards. 
The voltage division was found to be unaffected by exte: 
stray magnetic fields. The uncertainties in the absolute vai 
of the voltage and time-constant ratios are eliminated fro 


resistance cards in turn are used in the tapping section of 
divider. It should be noted, however, that the output vol) 
must always be taken from a tapping point and one end. 


DISCUSSION ON 


‘IMPROVEMENTS IN THE PRECISION MEASUREMENT OF CAPACITANCE’ * 
AND ON THE ABOVE THREE PAPERS 
BEFORE THE MEASUREMENT AND CONTROL SECTION, 10TH JANUARY, 1961 


rof. A. H. M. Arnold: For a long time the determination 
he ohm has been dependent on the standard of mutual 
ictance. Although improvements have been made in its 
struction, the accuracy of determination of the ohm has been 
ted to about one part in 100000, and perhaps not even that. 
technique of maintaining the ohm by means of tangible 
dards is very good, and the uncertainty arising from drift 
- a period of 20 years may be less than one part in 100000, 
hat a new absolute determination after this interval of time 
ely results in confirmation, to a lower accuracy, of a value 
ady known. There is now a possibility of determining the 
1, using a standard of capacitance, to an accuracy within 
ut one part in 10°. Should this be achieved, the accuracy 
stability of tangible standards will need to be improved 
espondingly. It is possible that the alloy, Evanohm, 
rred to in the paper by Messrs. Harkness and Wilkins, may 
ve useful for this purpose, provided that its stability can be 
blished beyond suspicion. 
he transformer constructed by Messrs. Hill and Miller has 
markable performance over a wide range of frequency, but 
might well have been made of the very fine digital computer 
he National Physical Laboratory in order to optimize the 
gn. The objective should be to design a transformer in 
ch the minimum error occurs in the middle of the working 
uency range, and this has not been achieyed by the authors. 
reover, the poor use made of the available winding space has 
ted in a transformer which is larger than necessary, and this 
t have an adverse effect on both the magnitude of the 
metizing current and the magnitude of capacitance effects. 
; quite possible that a detailed calculation would show that 
yer windings with a correspondingly reduced length of 
metic path would result in a better overall performance than 
actually obtained. An alternative approach is either to use 
ductors of non-circular cross-section or to use parallel- 
nected windings for the secondary. 


DIGITAL VOLTAGE 
DECADE ATTENUATOR 


RANGE SWITCH 


Vac = 3}OO0OV 
R.M.S 


also should the thickness of insulation between the secondary 
winding and the core. 

It is further quite unjustifiable to assume that the leakage 
reactance of the inner winding is necessarily near to zero. When 
a transformer has a multi-layer inner winding its leakage. 
reactance may be near zero or even slightly negative, but with 
a single-layer winding a significant positive leakage reactance is 
possible. 

Mr. Hill, in his paper, has a curious method of defining the 
external field of the power transformer. Could it not be defined 
in a more orthodox manner? 

These minor defects in the four papers from the National 
Physical Laboratory should not be allowed to obscure the fact 
that a very real contribution has been made to the art of accurate 
measurement in the audio-frequency range. 

Mr. A. C. Lynch: The valve amplifier, used as described, must 
meet stringent conditions. Would the design problem be eased 
if it had been used instead as part of a null indicator for comparing 
the unknown voltage with one derived by division on potentio- 
meters from a voltage large enough to be measured with the 
standard electrometer ? 

There is mention of the use of a transformer-coupled bridge, 
of ratio 10:1, for making a chain of comparisons between 
ordinary standards and the very small capacitances obtained 
with the Thompson-Lampard type of standard. Since these 
small 3-terminal capacitances are perfectly additive, would it 
not be more reliable to build up large capacitances from small 
ones by substitution methods alone? 

Mr. A. Cooper: In the paper by Messrs. Harkness and Wilkins 
the amplifier feedback to the input terminals is taken from the 
cathode resistor to the grid resistor of V,. Therefore, as 
the authors point out, the drive impedance affects the perfor- 
mance. It may cause self-oscillation if sufficiently inductive, or, 
even more serious, it may itself be affected in such a manner as 
to alter considerably the voltage across it. 


LAMP Vp=0'59V D.C 


a BRIDGE / 


BALANCE VOLTAGE = 
3 OS79V R.M.S. 


Fig. A. 


am quite unable to accept the authors’ proposition that the 
: section is fixed. Both its magnitude and shape should be 
sidered as variables in the optimizing calculations, and so 


tAYNER, G. H., and Forp, L. H.: Paper No. 3159 M, March, 1960 (see 107 B, 
5) > 


108, PART B 


I should like to give details of a development of the lamp 
bridge which is now incorporated in a commercial precision 
voltmeter covering the range 1 mV-300volts and 5c/s—100kc/s. 

In Fig. A the decade range switch AT, limits the voltage range 
to be handled by the amplifier G, to one decade. The novel 
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digital voltage attenuator AT, has four decade dials covering a 
total of one decade, giving a minimum setting accuracy of 0-1 %. 
This device feeds an amplifier G, which energizes the lamp 
bridge, which is a true r.m.s. indicator. The bridge is also fed 
with direct current and arranged to balance when the r.m.s. 
(heating) value of the a.c. signal plus d.c. level reaches a pre- 
determined level. The direct current enables a highly sensitive 
spot galvanometer to be used for balance, independent of 
frequency. 

3 volts a.c. and 0-59 volt d.c. have been chosen, so that the 
direct current has an effect of only about 2% on the balance, 
whilst the total of 3-0579 volts r.m.s. enables standardization of 
the bridge to be made indirectly against three Weston industrial 
standard cells. 


The bridge is then used to standardize a stable a.c. source to 
3 volts, which is divided down to 100:00mV, and, in turn, 


THE AUTHORS’ REPLIES TO THE ABOVE DISCUSSION 


Messrs. G. H. Rayner and L. H. Ford (in reply): In reply to 
Mr. Lynch, small 3-terminal capacitors, if of sufficient stability, 
provide an excellent means of checking a transformer ratio. 
However, when it is desired to compare capacitors differing in 
value by several decades it is more accurate and convenient to 
use a calibrated 10:1 transformer than to build-up over a 
wide range using only capacitors; the transformer will be more 
stable than the capacitors, and fewer capacitors and much less 
time are required. 

Messrs. S. Harkness and F. J. Wilkins (in reply): Our paper 
is concerned only with giving an account of a precision amplifier 
designed for the specific purpose of increasing the sensitivity of 
the a.c./d.c. transfer instruments used at the N.P.L. No doubt 
there are other ways in which small alternating voltages may be 
measured. Mr. Lynch’s proposal, whilst allowing the use of an 
amplifier of inferior accuracy as far as gain is concerned, raises 
a new set of problems, e.g. the provision of a reference source 
of high-voltage stability and having the same phase and frequency 
as the voltage being measured. 

With regard to Mr. Cooper’s point about the amplifier being 
likely to oscillate when the source is sufficiently inductive, this 
is avoided by the inclusion of sufficient series resistance in the 
input circuit. By proper design this loss can be made small 
enough, in all practical cases, to have negligible effect on the 
circuit performance. 

It is agreed, as Dr. Hammerton points out, that there will be 
a fairly rapid change in valve performance, at least during the 
first few hundred hours, and undoubtedly some valve ageing 
occurred during the experimental stages of the work. The 
accepted life of the domestic-type valves used is only 3000- 
5000 hours, and replacement at about 1000 hours is suggested 
in order to reduce the probability of failure of the equipment 
during use. 

Messrs. J. J. Hill and A. P. Miller (in reply): We agree with 
Prof. Arnold that, ideally, the minimum error of a transformer 
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applied to the system input and used to standardize it by adj} 
ing the gain of the amplifier G,. 
A discrimination of 0:01 % at all voltages is readily obtaina( 
with errors not exceeding 0:05°% over a wide frequency raw) 
Dr. T. G. Hammerton: In Section 4 of the paper by Mes) 
Harkness and Wilkins we have the unusual statement: 
As the instrinsic value of both the instrument and the work 
which it will be employed is high, complete and fairly frequent 
replacement will be justified. Thus with replacement after 
more than 1000 hours’ use very little deterioration of propertie| 
expected. . 
This is the reverse of what I should have expected. It is 
unusual for new communication-type valves to be ‘soaked’, 
at least 1000 hours, during which time their character: 
change relatively enormously and rapidly. We then find ‘a 
valves to be reasonably reliable, long lived and constan 
characteristics. 


should occur in the middle of its working frequency range. ~ 
requirement is, in fact, achieved in our transformers if the ra 
is taken as 400c/s to 30kc/s: it was always intended that) 
original range of 400 c/s to 10 kc/s should be extended if possi 

Whilst smaller 1.f. errors would result from the use of 2-l 
windings with a correspondingly reduced magnetic path le 
it is probable that the h.f. errors would be increased. Sin 
present demand is for greater accuracy and certainty of meas) 
ment at high audio frequencies, improvement at the lf. € 
of minor significance. 

Reference is made to the possible use of non-circular ¢ 
ductors, and it is suggested that edgewise-applied interle 
wide strips would make better use of the available win 
space. Wecannot recommend this since its use leads to extrer 
large capacitances. Moreover, the fact that the strips hay 
be individually shaped and soldered together on the core 
the process laborious and costly. The National Bureau 
Standards have, however, recently adopted this form of ¢ 
struction in a 5/5 current transformer designed for use w 
10kc/s. The resuiting interwinding capacitance is stated t 
40000 pF, and the errors, which already have become negé 
at about 2kc/s, are at 10kc/s several times as great as ir 
N.P.L. transformers. 

We had not intended to imply that the core section is invarid 
and the curves in Fig. 2 of the paper illustrate the effect 
variation. The wall thickness of the necessary protective ? 
for the core is usually sufficient to make the effect of 
capacitance between core and the secondary winding iti 
nificantly small. 

Finally, with reference to the secondary leakage reactana 
single-layer windings, we can only state that detailed ex 
mental work on several transformers showed that the seco 
winding contributed 5% or less to the total leakage reacti 
and that there was some evidence of the values being ne 
in sign. 
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CIRCUIT FOR REDUCING THE EXCITING CURRENT OF INDUCTIVE DEVICES 
By D. L. H. GIBBINGS, B.E., B.Sc., Ph.D. 


(The paper was first received 10th May, and in revised form 1st December, 1960.) 


SUMMARY 

negative feedback device is described in which the greater part of 
xeiting Current necessary to energize a magnetic core is supplied 
n amplifier, so that windings on the core present a much higher 
dance than with the core material alone. An improvement of 
» than 100 times has been achieved at 50c/s. To the external 
it, the device appears as a composite core which may be wound in 
Jesired manner, 

1 investigation is made of the effect of using such a core on the 
ge and current ratios of a 2-winding transformer, and a proposal 
ide for using a shielding technique to achieve high precision. 


LIST OF PRINCIPAL SYMBOLS 


_N = Number of turns. 
A = Area of cross-section. 
}» = Complex permeability. 
G = Amplifier voltage gain. 
Zin = Amplifier input impedance. 
Z out = Amplifier output impedance. 
_ Zo = Self-impedances of windings 1 and 2, 
Zp, = Mutual impedances of windings 1 and 2. 
_ Z;= Load impedance. 
Z, = Source impedance. 


(1) INTRODUCTION 


cal transformers could be made to approach more closely the 
| transformer were it not that real magnetic cores require 
ing currents to establish flux in them. By the use of the 
-permeability core materials now available, exciting currents 
be reduced to an extent which is adequate for ordinary 
irements, but for more critical applications a further reduc- 
is still valuable, and numerous methods have been described 
¢ literature!~3 for bringing it about. 

ntil this paper was being prepared, however, the author 
unaware of any proposal, other than his own, which was not 
itially a compensation scheme, the reduction in exciting 
snt depending on an impedance balance of some sort. It 
the difficulty of making a compensation scheme work 
siently well over a band of frequencies and voltage loads 
h initiated the author’s search for a negative feedback 
me as an alternative. 

le exception to the general use of compensation noted above 
proposal made in a Bulletin of the National Research 
acil of Canada‘ which also employs negative feedback. It 
, however, suffer from some unnecessary limitations imposed 
he use of feedback round a single core, from which the 
mt scheme is free, and a description of the latter will be 
1. 

rst there is a description in physical terms of the mode of 
ation of the device in magnifying the impedance of a simple 
ctive winding. Circuit details and results from an experi- 
al model are given. Then follows a discussion of the errors 
2-winding transformer and their reduction by means of such 
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a circuit. It is shown that the combination of the present tech- 
nique and a shielding technique recently described leads to the 
possibility of a transformer of extreme precision. 


(2) DESCRIPTION 


When an alternating voltage is applied to a winding on a 
magnetic core, the exciting current that flows provides just 
sufficient magnetomotive force to establish the flux, and hence | 
the induced voltage necessary to balance the applied voltage 
minus the drop in the winding resistance. If one can arrange to 
generate a proportion of the flux by some means which does 
not load the source, the exciting current will be correspondingly 
reduced and the apparent impedance of the winding raised. 

In the present device (Fig. 1) the magnetic core is divided into 


Np TURNS ~ 


AMPLIFIER 
VOLTAGE GAIN “| 


(Las Heo) | 
Zout = O 

EXTERNAL 

CONNECTION 


N, TURNS 


Fig. 1.—Circuit for reducing the exciting current of a winding. 


two parts, which are separately wound and connected by an 
amplifier. The winding whose impedance is to be magnified 
links both cores. 

When a voltage is applied to this winding, the sum of the 
fluxes in cores 1 and 2 adjusts itself to the applied voltage as 
before, but the amplifier ensures that the flux in core 2 is 
GN,]N> times that in core 1, and supplies the exciting magneto- 
motive force to establish it, leaving only the flux in core 1, 
1/1 + GN,|N ) of the total, to be established by the current 
drawn from the external source. The winding linking the two 
cores thus appears to the external source to have a higher 
impedance than it would if the amplifier were not there. 

To obtain a more quantitative picture of the operation, 
suppose that one applies a voltage v to the N-turn winding. The 
flux in the two cores must equal K,v/N, where K, is a constant 
depending on frequency. 

If, for simplicity, one assumes equal magnetic path lengths in 
the two cores, the exciting current, i, in the absence of the 
amplifier, establishes a flux proportional to Ni,A; in core | 
and Ni,A, in core 2, such that the total flux is 


7) 
K,Ni(e4A, ar $2Ap) es Kis 


where K> is a constant depending on the magnetic path length. 
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Thus the N-turn winding has an impedance 
K 

ZN = x eA ai [2A)N? 
1 


zy is simply the sum of the separate impedances zy; and zy 
of N turns on each core, coupling between cores being assumed 
negligible. 

With an amplifier present, 


v Nive 
Ky = Ky (Wins, 7 Ga Niu Ai) 
so that the N-turn winding now has an impedance 
ky 2 = 
=~ a= ee ell 
ZN Fetes! (1 ie Oe (1) 


resulting in an impedance magnification of 


Zy MA, ( Ny 
oe oo) Soave, -6(2) 
Zn yA, + P2A> Nz 


It will be seen from eqn. (1) that the magnified impedance is 
1 + GN,]N> times the impedance, Z),, of the same winding on 
core | alone. 

Minor modifications to the analysis are needed if the amplifier 
is not an ideal voltage amplifier with infinite input impedance 
and zero output impedance. If the input impedance, Z,,, is 
finite, Z, becomes (1 + GN,/N2) times the resultant of zy) 
shunted by (N/N,)?Z;,. The output impedance of the amplifier 
has only a second-order effect; even if it were infinite, Z,, would 
be increased only by zy, the impedance of the N-turn winding 
on core 2. 

It will be noticed that the amplifier effectively separates the 
requirements that a core material should have high permeability 
to give high impedance and a high saturation flux density to 
give a high maximum voltage per turn. With high gain, the 
impedance is determined almost entirely by core 1 and the 
voltage rating by core 2, and it may be advantageous to make 
the cores of different materials or to adjust their relative cross- 
sections to meet a particular specification. 

The technical difficulties of the device, regarded as an exercise 
in feedback-amplifier design, reside in the fact that the external 
source impedance, which is not under the designer’s control, 
appears in the feedback loop between two transformers (Fig. 2). 


EXTERNAL SOURCE 
IMPEDANCE 


Fig. 2.—Exciting-current reduction circuit drawn as a feedback 


amplifier. 


A capacitive source impedance would by itself introduce an 
asymptotic phase shift of az radians at low frequencies. The 
circuit of Fig. 3 has been designed to be stable with inductive 
or resistive source impedances of any magnitude. 

To control the behaviour at high frequencies the gain is 
reduced by the internal feedback capacitor C,, and another 
capacitor, C,, is shunted across the terminals of the device. 
Where this generality of source impedance is not required, the 
design may be modified to extend the operating frequency band 
upwards. 
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Fig. 3.—Experimental circuit. 


Cy 100 pF Ri 10kQ 

C2 4700 pF R2 2:2MQ 

C3 0-SuF R3 3302 | 

Cpt SLE Ri, 1kQ 

C5 500 WF R4 470kQ 

Vi EF86 Rs 47kQ 

Ne 12AT7 Re, R7 10kQ , 
22 turns Rg 1kQ potentiometer ] 

Nh N> 200 turns Ro 56kQ 


Rie Ry2 6-8kO 
Ry 10kQ potentiometer 


The 22-turn windings shown separately actually form a single winding link: 
cores. The cores are 2 x 1} x $in Supermumetal toroids. ; 


It is to be noted that C, is the only component which 1 
to be changed when the number of turns in a winding is cha1 
Otherwise the device appears externally as a composite 
drawing a greatly reduced exciting current. 


(3) EXPERIMENTAL RESULT 


Table 1 gives the results of measurements made on the 22 
winding of Fig. 3 at five frequencies. For comparison, f 
are given for the impedance of 22 turns on two simile 
without the amplifier. 


Table 1 


Impedance 
Frequency with 
amplifier 


Impedance 
without 


C Magnification | 
amplifier 


Q 
1800 


6 500 
12.000 
5 200 
1600 | 


It will be seen that an impedance magnification of et 
mately 100 is maintained up to 3300rad/s (525c/s), but 
thereafter the combined effects of the stray capacitance ¢ 
transformer windings, of C, and of the feedback capacit 
cause the impedance to fall, so that after 33 000rad/s (525 
the amplifier is actually disadvantageous. This result se 
emphasize one limitation of the scheme—that the in 
feedback does nothing to reduce the effects of capa 
currents in a winding. This does not mean that such as 
is unworkable at high frequencies, but it does limit the freq 
band over which a single transformer will work. 

It has been suggested to the author that the capac i 
loading could be balanced out by a further winding li 
two cores in the opposite sense with a capacitor in s 
Indeed, the negative of any impedance could, in principk 
produced in a similar way, the amplifier serving mere’ 
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ve the unwanted shunting effects of the transformer. 
her work may be undertaken in this direction. 


(4) TWO-WINDING TRANSFORMER 


le previous Section has been concerned with magnification 
e impedance of a single winding on a composite core, and 
us for an application such as this—to improve the ratio of 
mpedance to winding resistance in an auto-transformer 
ige divider—that the idea was first developed. But in a 
ige divider one is also interested in ratio accuracy, and this 
ct will now be treated, using the voltage and current ratios 
2-winding transformer as a more general case. The circuit 
tions for two windings on a core, with self-impedances z,, 

i 


1 Ny + No lp 


Fig. 4.—Two-winding transformer: nomenclature. 


Zp, and mutual impedances z,;5 and z,, (Fig. 4), are well 
wn to be 
= Zh Se Zy2I9 5 eee Be . (3) 


OpiS Zpylipte Zapp ww ee a A) 


n equivalent form for these equations? is 


N, é Z ‘ 5 

C— (21 N72 1 RAGA ae Npiz) . (5) 
Zz § : N. é 

V2 => wy, Nii + Noi>) a. (2. = N71) ly . (6) 


im the case of a passive transformer for which 2,2 = 2, 
are readily seen to be the equations for the equivalent circuit 
ig. 5, where the real transformer is replaced by an ideal one 


; Ny 
m2] 2 - Ne Zo4 


IDEAL TRANSFORMER 


Fig. 5.—Two-winding transformer: equivalent circuit. 


he same turns ratio. The series or leakage impedances 
esent the winding resistances plus the impedance due to 
which links one winding only and thus contributes to the 
‘but not the mutual impedances. Because this leakage 
must necessarily follow a path whose reluctance is determined 
ly by air, the leakage impedances are nearly independent of 
sore material. The shunt impedance, on the other hand, is 
ted to account for the exciting current of the transformer 
depends directly on the core material. 

is clear from the diagram that even with the secondary 
n-circuit (i, = 0) and a zero-impedance source (V, = %), 
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the voltage drop in the primary leakage impedance due to the 
exciting current causes the voltage ratio to become 


v Zz 
wie g 
2 21 

rather than N,/N5. 

Similarly, even with a perfect short-circuit load impedance 
(v, = 0), the voltage drop in the secondary leakage impedance 
causes some of the primary current to flow down the shunt 
path to excite the core, and the current ratio becomes 


eee (8) 
ly 291 


If the source impedance is z, rather than zero, but still with an 
open-circuit secondary (i, = 0), the voltage ratio is 


(9) 


U2 221 
and the analogous current ratio (for a load impedance z,) is 
De AEST TRE (10) 
i) 291 


The loading of the secondary circuit with an impedance z,, 
with zero source impedance, causes an additional voltage drop 
in both series impedances, and leads to a voltage ratio of 


Vy 11 ( 
V2 294 


(11) 


241222 — =12721 
2112] 


The analogous current ratio, which corresponds to the case 
of a current source of finite shunt impedance z, and zero- 
impedance secondary load, is 
241299 — 2122 
11222 12 21) (12) 

2222 5 


As before, 211222 — 212221 is not zero because of imperfect 
coupling and winding resistance. 
To make (z,;; + z,)/z.; a good approximation to N,/N> 
requires that 
NM 


Seep ae eee 


Ni, 


Similarly, for (z. + z;)/Z1 to approach N,/N, requires that 


N> N> 
W, 72! > Zo + 2 N72! 


Thus the direct way to reduce ratio errors is seen to be to increase 
the core permeability, since this has the effect of increasing 2; 
relative to i — (N,/N2)Z24 and 222 — (N2/N4)Z04- Whether 
the relative increase is used to increase z; absolutely, leaving the 
series impedances unchanged, or to obtain the same value of 
Z), with fewer turns of heavier wire and hence smaller series 
impedances, is an engineering compromise depending on the 
principal source of the errors implied in eqns. (9), (10), (11) 
or (12). 

By the previous physical reasoning, the improvement in ratio 
that occurs with increased core permeability can be explained in 
terms of a decrease in exciting current, but it cannot be imme- 
diately assumed that a reduction in exciting current achieved by 
artificial means, such as a compensation or a feedback scheme, 
will have precisely the same effect, and a closer analysis of a 
2-winding transformer wound on a core whose exciting current 
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Fig. 6.—Two-winding transformer with exciting-current reduction. 


is reduced by the present feedback scheme will now be made. 
The circuit equations applying to Fig. 6 are 


My = 41 + Zvi + 412 + Z1ai2 + Zr about 
V2 = (Za, + Zain + (Za2 + Z2a)l2 + Zoeiout 
Vin = 23141 + Z32/2 
Vout = Gin = Zagyiy + Zagie + Zaalout 


Eliminating ¥;,, Vour aDd ipy: leads to two equations analogous 
to eqns. (3) and (4): 


Z Sus) 214731 |. 
—- — — Gg 
i“ ( 2 Z44 a Z44 us 


LynZ ZaaLaane 
ai | (21 = ea) zie oh, Grau) iz (13) 


274241 Zui) : 
= | (Zo — E*) + ay + OE | 
2 | 21 Zaa 21 Zoe 


Lo4Z ZL 
re (Zn $2 <) meres G 024232 ip (14) 
LZ 44 £44 


It will be noticed first of all that, because of the presence of 
active circuit-elements, the two mutual-impedance coefficients 
of eqns. (13) and (14) are no longer equal, although if the two 
subtransformers are of good quality, the difference will not be 
large, since 


G 732414 6224731 
244 ZL 44 
: 4 vb, 
i.e. “32 . 4742 
23, Lay 


Because of the inequality of the mutual impedances, an equi- 
valent circuit such as Fig. 5 cannot be drawn. The terms 
Z11 — Z14Z41]Z44, etc., will also be small if transformer 2 is of 
good quality; these terms appear in the equation because of the 
assumption of zero output impedance for the amplifier. 

If G = 0, the voltage and current ratios, for ideal source and 
load conditions, approximate to z;;/z2; and —z>,/z», as before, 
but as G is made progressively larger, comparison of eqns. (13) 
and (14) with eqns. (9) and (10) shows that the ratios tend not 
to the turns ratio, as with a true increase in permeability, but to 
Z13/Z23 and —z3/z13, respectively. That is to say, the effect 
of decreasing the exciting current by the feedback technique is 
to cause the voltage and current ratios of the composite trans- 
former to approach the ratios of the mutual impedances of the 
transformer windings to the third winding on the output and 
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input core, respectively. A result comparable with this See 
to be a necessary consequence of any scheme for reducing 
exciting current by energizing the core by current in a th 
winding. One would expect the ratio of two mutual impedani 
to be closer than the ratio of a self- and a mutual impedane 
the turns ratio, even without special adjustment, though 
should be observed that it is the true permeability of the ej 
material and not an artificially enhanced value which is impo 
in fixing the mutual impedances. It is, of course, possible 
adjust the ratio of the mutual impedances to be equal to } 
turns ratio. a 

The exact calculation of the effect of a secondary load on. 
voltage ratio of the composite transformer after the manner 
eqn. (11) is made clumsy by the large number of terms in) 
coefficients of eqns. (13) and (14), but it is found to approxi 
to the effect of loading a transformer which has a very 3 
shunt impedance and leakage impedances equal to those of 
two subtransformers in series, as one might have expe 
intuitively. 

The most important result so far in the investigation 
ratio of a 2-winding transformer wound on the composite ¢ 
is that, as the gain in the feedback loop is increased, this : 
tends to that of the mutual impedances between each print 
winding and a subsidiary winding. The result is of importa 
because Thompson*® has described a shielding technique by wi 
the ratio of the mutual impedances between two windings on 
third can be made equal to the ratio of the turns of the two w 
ings to a very high order of precision (greater than 1 in # 
The present result shows that, with sufficient gain, sia 
precision can be achieved for the ratio of a 2-winding transforal 

In Thompson’s transformer, the shielding technique § 
applied to make the ratio of the voltages induced in two secord 
windings by a current in a primary one equal to their turns raj 
and may thus be taken over directly for T, (Fig. 6), the subtia 
former driven from the amplifier output. The driving wind 
N4, goes inside the shields and the secondaries are formed by 
turns N, and N, of the principal windings. With T, shiell 
in this way, the voltage ratio v,/v, is made precise. ‘ 

Because of the reciprocity of mutual impedance, it is < 
possible to use the same shielding technique to arrange f 
equal magnetomotive forces in two windings outside the shie! 
induce equal voltages in a.third winding inside. This is exati 


being outside the shields, as before, with the amplifier i 
winding, N3, inside. The shields now ensure that N,i,; —? 
tends to zero as G is increased, so that by shielding T,, the cur 
ratio i,/i, may also be made precise. 


ee) 


EXTERNAL 
CONNECTION 


ina 


Fig. 7.—Two-stage exciting-current reduction. 


( 


ae interesting conclusion emerges that, if a composite core is 
fe, consisting of two sub-cores, each provided with a shielded 
lary winding and connected by a voltage amplifier with the 
‘opriate polarity, transformers may be wound upon it 
mg voltage and current ratios approximating much more 


aly to the turns ratio than can be achieved with the core 
erial alone. 


| (5) GENERAL 

final Point is that there is ideally no limit to the number 
mes the impedance-multiplication technique may be repeated. 
“stage device is shown schematically in Fig. 7. Whether it 
»ssible to achieve a higher overall multiplication by this means 


re the feedback problems become insuperable has not been 
stigated. 
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SCOTTISH ELECTRONICS AND MEASUREMENT GROUP: CHAIRMAN’S ADDRESS 
By J. STEWART, M.A., B.Sc., Member. 
“ELECTRONICS, THE ENGINEER AND RELIABILITY’ 
(AsstRACT of Address delivered at EDINBURGH 11th October, and GLAsGow 17th October, 1960.) 


rom its earliest days electronic equipment has not enjoyed a 
y good name for reliability, owing, no doubt, to experience 
1 early domestic radio receivers, and with some military 
ipment during the Second World War. Reasons for unrelia- 
ly were inadequate development due to a highly competitive 
‘ket in the former case and the tactical necessity for the 
mature release of partially developed equipment to the 
hting Services in the latter. After the war the expected 
solidation of design did not take place, because the introduc- 
| of new ideas, materials and components continued to be too 
id for proper engineering to keep pace. Ultimately the 
stion of reliability became too serious to be ignored and the 
ject is now being properly studied. 

Ngineers are coming to realize that reliability will not occur 
dentally, but that it must be built into the equipment. In 
past much equipment has been manufactured with too little 
ntion to proper engineering. A circuit which works in the 
slopment laboratory will not necessarily work on the 
Omer’s premises if it has been designed empirically and if 
attention has not been paid to component tolerances and 
hanical robustness. In particular, a great dea] of trouble 
arisen from a failure to allow for the necessarily wide 
rances on valve characteristics. To a lesser degree this also 
lies to components. Solutions to this problem of tolerances 
complicated and can be costly. It is almost axiomatic to 
that reliability cannot be achieved without an increase in 
S. 
he continuous introduction of new components and materials 
ot conducive to the establishment of designs of tried relia- 
y. Inacompetitive market it is dangerous to be out-of-date, 


Mr. Stewart is with Ferranti Ltd. 


and it requires a high degree both of competence and determina- 
tion on the part of the design engineer to ensure both modernity 
and reliability. 

It is the opinion of the author that there is too great an 
emphasis, in published matter on reliability, on the statistics of 
reliability of equipment and components, and far too little on the 
requirements for designing for reliability. Too many designers 
excuse themselves by sheltering behind the (reputed) inadequacies 
of the components available, instead of admitting deficiencies in 
engineering. 

Previous strictures on Government Departments regarding the 
failure to pay enough attention to engineering are no longer 
applicable, and the current requirements for panclimatic design 
are most comprehensive. Developments to meet these have 
emphasized the fact that reliable equipment must cost more and 
much of the work carried out on behalf of the Government 
Departments would have been much too expensive in a com- 
petitive commercial field. 

It is suggested that, although there is no substitute for experi- 
ence, instruction in the principles of good practice in electronic 
design should not be left entirely to the postgraduate stage but 
should be begun during the college course. The subject is 
analogous to that of strength of materials in a mechanical 
engineering course. It is considered that an electronic engineer 
is at a grave disadvantage if he starts his professional life with 
insufficient knowledge of the fundamental properties of the 
components and devices available to him. 

Electronic equipment can and will be made reliable, but only 
after the active application of principles of sound design and 
painstaking attention to detail. Reliability will not happen by 
itself, and the engineer who fails to build it in is failing in his 
duty. 


STORAGE TIME OF A TRANSISTOR WITH A DECAYING TURN-OFF CURRENT 
By D. M. Tavs, M.Sc., B.Sc.(Eng.), Associate Member. 


(Communication first received 22nd November, 1960, and in revised form 9th March, 1961.) 


One of the most common ways of using a transistor is as a 
switch (see Fig. 1). The transistor is switched on by applying 


LOAD 


Fig. 1.—Simple transistor switch. = 


Fig. 2.—LR coupling circuit. 


The resistor on the right provides a path for the inductive current at end of ster 
time. 


a forward bias to the base-emitter junction and is switched off 
by applying a reverse bias. It is well known that when the 
transistor is switched off the load current continues to flow 
for a time ¢t; due to storage of minority carriers in the base. te 
Expressions for t; have been given by Moll! and Beaufoy and 
Sparkes.2 Using Beaufoy and Sparkes’s notation, 


Ip, — IT 
bier OR are rae ae St adt on DD 
Cue 
el 
a B2 


where 7, = Saturation time-constant of the transistor. 
Tc = Collector time-constant. 
Tp = Base time-constant. 
Tz, = Base current flowing while the transistor is 
switched on. 
Iz. = Base current flowing during storage time ¢. 


The same sign convention is used for Jz, and Jgp, i.e. positive Wie 3 CR connie 


values represent currents causing the transistor to conduct. 

In deriving eqn. (1) Zp. was assumed constant. Often this is 
not so, however; for example, in Fig. 2 an inductor is used to 
give Ip) a high initial value and so to reduce t,;. In Fig. 3 the 
same effect is obtained with a capacitor. With either of these 
circuits the expression for base current is of the form 


+ 


ip? —— Ip + Tge— P “| : . . (2) 


where ig. = Instantaneous value of base current during f,. 
7 = Decay time-constant. 
and Jp and Ig depend on the circuit voltages and resistances. 
The storage time, t;, can be further reduced by using an 
inductor and capacitor as shown in Fig. 4. 
Generally the component values will be chosen to produce 
an overdamped circuit, in which case ig, is given by 


ipo = Iw + Iye~4t + bE | RDS eel 


Mr. Taub is with IBM World Trade Laboratories (Great Britain) Ltd. Fig. 4.—LCR coupling circuit. 
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n the present note a general expression is derived for ¢, under 
ditions of varying igo. It is applied to the cases where ig, 
$ given by eqns. (2) and (3) and to the case of the under- 
aped LCR circuit. Finally two worked examples are given. 


GENERAL CASE 


Vhile the transistor is conducting the total base charge can 
considered as consisting of a charge Qp,, just sufficient to 
intain the collector current Jc, and an excess charge Qpgs. 
> base current Jp, is normally designed to be just large enough 
ustain /c in a transistor having minimum current gain. Since 
current gain varies widely between transistors of the same 
e this value of base current will be large enough to make 
s considerable in an average transistor. From eqn. (10) of 
ference 2 the base current J, required to maintain the base 
irge Op is 


jee 
B 
TB TB 


(4) 


lis neglects the cut-off current Ic¢g.) 
“rom eqn. (34) of Reference 2 the base current Jp, necessary 
maintain Ops is 
Ops 
lbs = — 5. oe Pa rn ee 
Be (5) 
ding eqns. (4) and (5), 


I 
Tse le aaeas 
TB Uiyy 


d rearranging, 


Ic¢T¢ 


TB 


Qzs = 7, (Jai (6) 
Consider now the conditions at an instant ¢ during the storage 
1¢ ¢;. The total base charge consists of a constant part 
.= IcTc necessary to maintain J; and an excess charge whose 
tantaneous value is ggy. The base current can be considered 
maintaining these two charges and causing ggg to change at 
ate dqps/dt. (This neglects the current required to alter the 
arge on the junction capacitances.) Thus, 


I de 
= KEE 4 Bs a8 QBS 
TR Ts dt 


(7) 


ip2 


arranging and multiplying by the integrating factor ¢‘/"s, 


dqps , els I¢t¢ 
ftp’ o=s Ingle = 2Yern 
Ai Sb Fe das = 'p2 ae 

d IoTe 

resis ets —— i etlts — Bo NSE Sa) 

qiies ) = ipe rs 


is is integrated with respect to ¢ between the limits t = 0, 
ere Gps = Qgs, and t = t,, where qgs = 0, giving 
th 


me One fa i} igre! *8dt dh IeTeT sy = tilts) 
0 e: 


bstituting for Op, from eqn. (6) and rearranging, 


(8) 


Tot. Wee 
CNL his = | ipoe!l*sdt — Ip, = 0 
TB TS -0 


LR or CR Circuit 


The general expression for igz is given by eqn. @. Sub- 
tuting this in eqn. (8) and carrying out the integration, 
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[edie — 1) ee, = 0 
(9) 


(e Di) nae 
TB es as 
= 


This would generally be solved by numerical or graphical 
methods. However, if t,;/7y and (1/7; — 1/7)t, are both 
numerically less than unity we may make the approximation 


n> 
emi ~ | + nty + ol 


In this way a quadratic equation is obtained and may be solved 
for t; in the normal way. 


OVERDAMPED LCR CIRCUIT 


Repeating the above calculation with the expression for iz, 
given in eqn. (3) we obtain 


Tote Ix 
CoC ) nics — _*X  peits—An — 1 
( TR we 1 — EAC | 


I 
oS _——*_— [eltrs— Bes —1] —~i, +ly=0 


1 — Brs CN) 


This may be solved in the same way as eqn. (9). 


UNDERDAMPED LCR CIRCUIT 


In the case of an underdamped LCR circuit a convenient 
expression for igo is 


(11) 


Care must be taken to ensure that iz, remains negative through- 
out the decay period, otherwise the transistor will produce one 
or more unwanted pulses of current through the load. When one 
is obliged to use values of L, C and R which would allow ig, to 
go positive, a diode should be connected across the capacitor 
as shown in Fig. 5. This circuit will behave as an underdamped 


igg = Iw + Ize" cos (ut — v) 


+ 


Fig. 5.—Use of diode with underdamped LCR circuit to prevent 
ip2 from becoming positive. 


LCR circuit until the p.d. across the capacitor reaches zero 
unless the storage time is over before that occurs. After that 
time it reduces to a simple LR circuit. The waveforms of igy 
and capacitor voltage are shown in Fig. 6. 
Two cases must be considered: 
(i) Where no diode is necessary or where the storage time is over 


before it starts to conduct. hy 
(ii) Where the diode conducts before the storage time is over. 


CAPACITOR 
VOLTAGE 


Fig. 6.—Waveforms in underdamped LCR circuit. 


Broken lines show voltage and current in absence of diode. 


Case (i) may be solved by substituting from eqn. (11) into 
eqn. (8) and integrating as before. This gives the follow- 
ing expression for f,, which must be solved graphically or 


numerically: 
(“Se - Iyy Jens = Sey 
rl (2 3 -) + a] 
{| aie = cos (ut; — v) + usin (ut; — 0p feet 


1 1 
—({—-- v Inve — J, Iy = 0 
Ts -) cos + usin} fl Se Ww 


(12) 


Case (ii) requires a knowledge of the time fg at which the p.d. 
across the capacitor reaches zero. This is obtained by solving 
the circuit equations in the normal way. Eqn. (8) can then be 
rewritten 


IeTC ns1Ins 
TB 


(13) 


| to ty 
— =>) ipné!!*8dt me EES igoé!l*sdt = Tay — A) 
S40 Ts ~to 
where ig, is given by eqn. (11) for 0 < t < %g, and by eqn. (2) 
for tg) << t<t,. Carrying out the integrations for the general 
case results in a very unwieldy expression. The reader is there- 
fore recommended to substitute numerical values early in the 
calculation. 


EXAMPLES 


Two examples will now be given, showing how the above 
equations are used. 


Example 1.—Let us calculate the storage time of transistor 
VT2 in Fig. 7. It will be assumed that components, supply 
voltages and transistor parameters have their nominal values 
and that VT2 has been switched on for long enough to ensure 
that the stored charge in its base and the voltage V, across the 
capacitor have reached their steady-state values. 

When VT1 and VT2 are conducting we have 


V, = 12 — 0:37 —0-1 = 11-53V (14) 
Ip, = 11°53/3°9 = 1-956mA . (15) 
= 11-9/0:24 = 49-58mA . (16) 


During the storage time of VT2 its base-emitter voltage will 
not exceed a small fraction of a volt. If this is neglected, ig, 
will be as given by eqn. (2) where 
3 — 
3-3 43:9 © 
“i _ gk hs 2, 
363 


p= = —0:416mA . (17) 


Ig 0-416) = —3-986mA . (18) 
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+3V 


O 
-—12V 


O 
=12V 


Fig. 7.—Circuit for Example 1. 


Transistor characteristics: 


VTi : 
Collector—emitter saturation voltage 0-:1V 
VT2 
Collector—emitter saturation biel a —0:1V 
Base-emitter voltage .. —0:37V 
Collector time-constant, TG 0:04 us 
Base time-constant, TR = 1-4us 
Saturation time-constant, tg .. 1-:0us 
3900 x 3300 
7 = 220 x 10-° = 0-393 25 us 


3900 + 3300 
Substituting the numerical values in eqn. (9), we have 


1-833e — 2-583¢e—1-5429 — 0-789 =0. 


The exponential terms are now expanded as shown undea 
or CR circuit’ giving 


2°157 9175-81831; 0S ee 
whose solution is 
fy, S.0°297 0g 2°399s 


(1/7s — 1/7)t, should be numerically less than 1. 
a good approximation to the solution of eqn. (20). 
value of ¢; does not fulfil these conditions, and since egn. ( 
has only one real root this value may be disregarded. : 

A closer approximation to the solution may be made 
the Newton—Raphson method as follows. We write eqn. ( 
in the form : 


ft) =0. =) oa 


Then if ¢,,, is an approximate solution, a closer approxima’ 
is given by 


{(t1,) i 
hint) = fin — rc, i. (: 
* y 
Differentiating the left-hand side of eqn. (20), 
f'(t;) = 1-833e% + 3-985e—1-5429n 


Now ti, = 0°297 us 


and from eqns. (20) and (25) respectively, 


f(t1,) = 0-046 
'(¢ in) =i.0 
Then from eqn. (24) 


li~ntt) = 0-288 ws . 5 . z . ¢ 


Closer approximations may be obtained by repeating the abc 
process. 


5 ne a in 
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ample 2.—Let us calculate the storage time of VT2 when an 
stor is added to the circuit as shown in Fig. 8. The transis- 
are again assumed to have been switched on for long enough 
he current in the inductor, the p.d. across the capacitor and 
stored charge in the base of VT2 to have reached their 
ly-state values. The p.d. between base and emitter of VT2 
ain neglected during the storage time. 


4+3V 
fe) 


—12V 


Fig. 8.—Circuit for Example 2. 


Transistor characteristics as under Fig. 7. 


€ circuit equations having been solved, igy is given by 
(1) where 


Iw = — 0-416mA (27) 
Iz = — 5:527mA (28) 
7 = 0-75 us (29) 
u = 1-428 rad/pus (30) 
v = 0-736rad (31) 


Tz, = 2:956mA as in the previous example. 


fe are dealing here with an underdamped LCR circuit and 
t determine whether a diode should be connected across the 
icitor. This is done as follows. We calculate the time fy at 
+h the capacitor voltage v, would reach zero if t; were greater 
ito. Solving the circuit equations, 


Me 1-625 — 17-478e—!-353t cos (1-428¢ + 0-719) (32) 
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ty is thus given by 
1-625 — 17-478e~—!-333% cos (1-428t9 + 0-719) = 0. (33) 


The Newton-Raphson process may be used to solve this 
equation, the first approximation being obtained by inspection. 
Taking t9 =0:-Sus as a first approximation the second 
approximation is 

to = 0:473 ps . (34) 


We now put f, equal to this value on the left-hand side of 
eqn. (12) and see if the result is greater or less than zero. 
Substituting numerical values, eqn. (12) becomes 


f(t)) = 1-833e% + 2-570 6e~9-3334 
[1-428 sin (1-428r, — 0-736) 
— 0333 cos (1-428, — 0-736)] 
— 0:2734=0 
£(0:473) = 1-748 


(SD): 
from which 


Since this is greater than zero eqn. (35) could be satisfied for 
t; = 0-473 ps if Jz, were increased, that is if the charge stored in 
the base of VT2 were increased. Clearly then ¢, must be less 
than 0-473 ys; its value is therefore given by eqn. (35) and no 
diode is necessary across the capacitor. 

Eqn. (35) is solved by the Newton—Raphson process using 
0:474us as a first approximation. This gives after three 
iterations 


t, = 0-23 ps . (36) 
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THE TRAINING OF OVERSEA GRADUATE ENGINEERS 
With Particular Reference to the F.B.I. Scholarships Scheme 


By W. ABBOTT, C.M.G., O.B.E., Ph.D., B.Sc.(Hons.), M.1.Mech.E. 


This paper, a summary of which is given below, was received \\th June, 


The paper deals with problems arising from the training, in 
the engineering industry of Great Britain, of graduates from 
countries oversea, primarily from under-developed countries. 
The paper relates mainly to the Scholarships Scheme operated 
by the Federation of British Industries, a scheme which, though 
relatively small, deals with carefully selected men from a large 
number of countries. 

The paper examines the philosophy of post-graduate practical 
training in the United Kingdom. It then assesses the extent 
of this training in industry and suggests that the total annual 
intake of graduates, both from home and oversea, is of the 
order of 5500. The possibility of increasing this number is 
discussed. 

The paper then considers the influence of the requirements of 


MONOGRAPHS PUBLISHED INDIVIDUALLY 


Summaries are given below of monographs which have been 
published individually, price 2s. each (post free). Applications, 
quoting the serial numbers as well as the authors’ names, and 
accompanied by a remittance, should be addressed to the 
Secretary. 


A Broad-Band Waveguide Junction containing Dielectric. 
No. 437E. 


P. J. B. CLarricoats, B.Sc.(Eng.), Ph.D. 


A method is described for obtaining a broadband impedance match 
between two joined waveguides of differing cross-section. The method 
involves the use of an axially mounted dielectric which partially fills 
the waveguide cross-section. -With an appropriate choice of dielectric 
cross-sectional area and permittivity the electromagnetic field is 
mainly confined to the region of the rod. Under these conditions 
the waveguide cross-section may be abruptly changed without appre- 
ciable reflection. The case of two joined circular waveguides con- 
taining an axial dielectric rod is treated theoretically for Ho;-mode 
propagation. A similar configuration is studied experimentally for 
the Hj1-type mode of propagation. In both cases an appreciable 
reduction in reflection coefficient is demonstrated when the rod is 
present. The application of the principle to other waveguide cross- 
sections is briefly mentioned. 


Monograph 


A Note on Optimum Linear Multivariable Filters. 
439M. 


R. J. KAVANAGH, B.Sc., M.A.Sc., Ph.D. 


The explicit solution for the optimum linear physically realizable 
multivariable filter involves the factorization of a power-spectra matrix 
into two matrices, one having all its poles in the left-half p-plane and 
the other having all its poles in the right-half p-plane. No general 
nee of accomplishing this factorization has previously been 
available. 


Monograph No. 
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Reprints of the paper and discussion @ 


the major professional engineering institutions—civil, mechaa 
and electrical—on schemes for the practical training of gradua 
After considering the types of engineer coming from oversea 
paper discusses the possible inappropriateness of British trai 
methods for many of the visiting engineers, and suggs 
improvements. 

The paper concludes by considering the impact of gres 
increased demands which will be made upon Great Britain — 
other countries of the West from the emerging nations im) 
Commonwealth and from other developing countries. 

Appendices give the balance-of-trade position with count 
covered by the F.B.I. and Athlone Fellowship Schemes, ar 
letter from the late Sir Claude Gibb relating to the trainia, 
Canadian graduates. 


This note contributes a method of factorizing any power-spo 
matrix in the required manner. As a result, the explicit solution 
the optimum filter is obtainable in a number of cases not previa 
solvable without resort to implicit methods. In the course of deve! 
ing the factorization method it is shown that it is always posi 
to obtain a physically realizable multivariable system which | 
transform any given set of signals into an equal number of incohef} 
white-noise signals. Similarly it is shown that a physically realia 
multivariable shaping filter may always be found to transform : 
of incoherent white-noise signals into an equal number of signals sf 
any desired power-spectra matrix. 


An Experimenta! Proton Linear Accelerator using a Helix Stru 
Monograph No. 441 M. 


D. P. R. Perriz, M.Sc., R. BAILey, B.Sc., D. G. Keira-WaAu 
B.Sc.(Eng.), H. LONGLEY, B.Sc., and D. R. Cuick, D.Sc. 


The paper describes the design and construction of a short ex 
mental length of linear accelerator using a helical waveguide as 
slow-wave structure to accelerate protons from 2:5 MeV to 4 Mes 

Factors influencing the design of the helix structure are considd 
these include the maximum voltage between turns which cax 
tolerated and the available power and frequency of the r.f. sw 
The theory of a helix supported on a dielectric tube is given, and i 
the results the variations of pitch are determined to give the requ 
acceleration. 

The accelerator was driven by a push-pull triode oscillator oper 
under 6us pulsed conditions at 300Mc/s with a peak outp 
600kW. The oscillator and r.f. components are described in dé 

The beam-energy spectrum at the output of the accelerator 
measured for a variety of working conditions, changes being mae 
beam-energy input and power and frequency of the r.f. supply. 
results obtained confirm the theory and show that with certain res 
tions a helix slow-wave structure of the type described provid 
convenient method of proton acceleration. 
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applications, embodies a dielectric of disc 
form enclosed in a metal shell, thus producing 
a radial current pattern, and so ensuring mini- 
mum inductance and minimum radiation, which 
are essential requirements for all such appli- 
cations. 

Other important features of design are the 
short heavy terminations, which further mini- 
mise inductance, and, hermetical sealing, 
which provides mechanical strength and full 
climatic protection. 

The result is a truly outstanding and rugged 
component which will commend itself to all 
those concerned in the design and manufacture 
of UHF equipment. 
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